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EFFECTS   ON  MEN  AT  REST  OF  BREATHING 
OXYGEN-RICH   GAS  MIXTURES. 

By  FRANCIS  G.  BENEDICT  and  HAROLD  L.  HIGGINS. 

[Contribution  from  the  Nutrition  Laboratory  of  the  Carnegie  Institution  of  Washington, 

Boston,  Massachusetts.] 

TN  Studies  on  the  respiratory  exchange  of  man,  it  has  been  commonly 
assumed  that  the  metabolism  is  essentially  the  same  irrespective  of 
whether  pure  atmospheric  air  or  air  of  varying  composition  is  breathed. 
With  the  Pettenkofer-Voit  respiration  apparatus/  with  the  Jaquet 
respiration  chamber,^  with  the  apparatus  of  Speck,^  and  with  the 
Zuntz-Geppert  4  apparatus,  normal  atmospheric  air  is  usually  in- 
spired, but  in  the  development  of  the  respiration  apparatus  ^  at 
Wesleyan  University  on   the  principle  of  Regnault-Reiset,*^  it  was 

»  Pettenkofer:  Annalen  der  Chemfe  und  Pharmacie,  1862,  Supp.  Bd.  ii 
pp.  1-52. 

^  Jaquet:   Verhandlungen  der  naturforschenden  Gesellschaft  in  Basel,  1904 
XV,  p.  252. 

^  Speck:  Physiologic  des  menschlichen  Athmens,  Leipsic,  1892,  p.  7;  Schriften 
der  Gesellschaft  zur  Beforderung  der  gesammte  Naturwissenschaften  zu  Marburg 
1871,  X.  ' 

^  See  detailed  description  of  the  Zuntz-Geppert  apparatus  by  IMagxus-Levy: 
Archiv  fiir  die  gesammte  Physiologie,  1895,  Iv,  p.  i. 

^  Atwater  and  Benedict:    Carnegie  Institution  of  Washington  Publication 
No.  42,  1905. 

«  ReGxXault  and  Reiset:    Annales  de  chimie  et  de  physique,  1S49,  ser.  3, 
xxvi,  p.  299. 
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soon  seen  that  appreciable  differences  might  exist  in  the  composition 
of  the  air  inside  the  chamber,  i.  e.,  the  air  inspired  by  the  subject. 
With  the  estabhshment  of  the  Nutrition  Laboratory,  a  new  respi- 
ration apparatus  ^  for  use  with  man  has  been  developed  in  which  the 
closed  system  of  ventilation  is  also  employed;  and  as  the  volume  of 
air  in  the  system  is  only  about  15  litres,  there  may  be  a  considerable 
fluctuation  in  the  oxygen-content  of  the  inspired  air.  The  construction 
of  the  apparatus  is  such  that  the  air  breathed  by  the  subject  is  invari- 
ably carbon-dioxide  free,  but  the  oxygen-content  may  be  varied  con- 
siderably, and  it  is  possible  to  secure  atmospheres  of  oxygen  with  any 
degree  of  purity  up  to  90  per  cent,  or,  indeed,  above  this  amount,  at  a 
relatively  slight  expense.  With  the  development  of  this  apparatus, 
therefore,  and  its  introduction  into  the  regular  routine  work  of  the 
laboratory,  it  became  apparent  that  an  extensive  study  of  the  influ- 
ence of  the  respiration  of  oxygen-rich  mixtures  was  possible  and  much 
needed.  Furthermore,  without  taking  into  consideration  the  use  of 
oxygen  in  therapy,  the  results  of  such  a  study  would  have  considerable 
practical  value  in  view  of  the  increasing  use  of  oxygen-rich  atmos- 
pheres in  connection  with  diving  dresses,  submarine  life-saving  ap- 
pliances, and  rescue  apparatus  for  mines. 

Earlier  Investigations. 

As  early  as  the  latter  part  of  the  eighteenth  century,  Lavoisier  and 
Scguin  ^  made  experiments  which  led  them  to  the  conclusion  that  there 
was  no  increase  in  the  vital  processes  as  the  result  of  breathing  pure 
oxygen.  These  observations  of  Lavoisier  were  substantiated  sixty  years 
later  by  Regnault  and  Reiset  ^  in  experiments  on  animals.  That  the 
question  was  not  satisfactorily  settled  in  the  minds  of  all  scientists, 
however,  is  evidenced  by  the  fact  that  Paul  Bert  ^^  made  a  number 
of  experiments  with  oxygen-rich  atmospheres,  using  oxygen  under  a 
high  pressure.  As  a  result  of  these  experiments,  he  asserted  that  with 
40  to  50  per  cent  of  oxygen  there  existed  a  certain  optimum  pressure 
at  which  larger  amounts  of  oxygen  were  absorbed  than  either  below 

^  Benedict:   This  journal,  1909,  xxiv,  p.  345. 

8  Lavoisier  and  Seguin:  Memoires  de  I'Academie  des  Sciences,  1789,  p.  185. 

^  Regnault  and  Reiset:  Loc.  cit. 

^"  Paul  Bert:  La  pression  barometrique,  Paris,  187S,  p.  654. 
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or  above  this  point.  With  very  rich  oxygen  mixtures  the  metaboHsm 
was  essentially  that  of  normal  air,  while  with  a  content  of  40  to  50 
per  cent  of  oxygen  there  was  a  considerable  increase  in  the  oxidation. 

Later  Speck/^  with  his  improved  methods  for  studying  the  res- 
piratory exchange  of  man,  began  a  series  of  investigations  in  which 
relatively  rich  oxygen  mixtures  were  inspired.  Using  the  spirometer 
method,  he  came  to  the  conclusion  that  the  oxidative  processes  were 
not  affected  in  any  way  by  the  increased  oxygen-content  of  the  in- 
spired air. 

An  early  practical  use  of  atmospheres  rich  in  oxygen  was  made 
in  1879  by  Mr.  Fleuss,  master-diver  of  Siebe,  Gorman  &  Co.  of  Lon- 
don. Using  a  diving  helmet  in  which  oxygen  was  suppHed  directly 
and  without  the  usual  dixing  pump,  Mr.  Fleuss  spent  an  hour  or 
more  under  water  in  a  large  diving  tank.^-  Unfortunately  no  gas 
analyses  were  made,  but  it  is  highly  probable  that  for  this  period  Mr. 
Fleuss  was  breathing  an  atmosphere  containing  not  far  from  50  to  60 
per  cent  of  oxygen. 

Lukjanow  ^^  in  1884  published  a  series  of  experiments  with  a  modi- 
fied form  of  a  Regnault-Reiset  apparatus  in  which  he  used  animals 
and  birds.  The  oxygen-content  of  the  air  inspired  varied  from  20  to 
30  per  cent  and  from  80  to  90  per  cent.  His  results  show  that  there 
was  a  very  great  variation  in  the  oxygen  consumed  with  the  oxygen- 
rich  air. 

Tobieson/*  making  experiments  with  a  dog,  found  results  which 
indicated  that  the  oxygen  consumption  during  the  inspiration  of 
oxygen-rich  air  may  vary.  He  also  concluded  that  any  increase  in 
the  oxygen  consumption  was  shown  by  his  experiments  to  be  depend- 
ent upon  the  nervous  system. 

Loewy,^^  following  the  specific  directions  of  Speck,  found  that  the 
actual  consumption  of  oxygen  was  unaltered  when  the  inspired  air 
contained  as  much  as  45  per  cent  of  oxygen. 

"  Speck:  Archiv  fur  die  gesammte  Physiologic,  1879,  xix,  pp.  171-190. 

^2  B.  W.  Richardson:   Nature,  1879,  xxi,  p.  62. 

"  Lukjanow:  Zeitschrift  fiir  physiologische  Chemie,  1884,  viii,  p.  324. 

^*  Tobieson:   Skandinavisches  Archiv  fiir  Physiologic,  1895,  vi,  p.  292. 

^=  Loewy:  Untersuchungen  iiber  die  Respiration  und  Cirkulation  bei  Aender- 
ung  des  Druckes  und  des  Sauerstoffgehaltes  der  Luft.  Berlin,  1895.  Abth.  II, 
p.  59,  and  Abth.  V,  p.  139.  Cited  by  Magnus-Levy:  Physiologic  des  Stoffwech- 
sels,  p.  273. 
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In  1902  a  series  of  experiments  on  animals  made  by  Rosenthal  ^^ 
indicated  an  enormous  absorption  of  oxygen  by  the  animals  he  em- 
ployed, following  a  relatively  small  increase  in  the  percentage  of 
oxygen  in  the  air.  This  brought  up  the  question  as  to  the  storage  of 
oxygen  in  the  body,  and  Rosenthal  maintained  that  very  considerable 
quantities  of  oxygen  can  be  thus  stored. 

Working  independently  and  with  different  kinds  of  apparatus, 
Durig  ^^  in  Vienna  and  Schaternikoff  ^^  in  Moscow,  carried  out  exten- 
sive series  of  investigations  with-  men  and  dogs  to  test  Rosenthal's 
theory.  Durig's  experiments  were  made  with  his  usual  careful  tech- 
nique on  an  apparatus  in  which  some  of  the  Zuntz  gas  analysis  appara- 
tus played  an  important  role.  The  published  report  of  his  experiments 
is  extremely  critical  and  complete,  and  is  accompanied  by  an  excellent 
review  of  all  the  literature  up  to  that  date.  Using  a  modified  form 
of  closed-circuit  apparatus  in  which  the  carbon  dioxide  was  absorbed 
by  caustic  potash,  Durig  found  that  there  was  neither  an  increased 
consumption  nor  storage  of  oxygen  by  men  or  dogs  on  breathing  an 
oxygen-rich  mixture.  Working  with  an  entirely  different  form  of 
apparatus,  Schaternikoff  found  with  a  man  exactly  the  same  results 
reported  by  Durig.  Thus,  both  of  these  writers  with  modern  tech- 
nique have  simultaneously  refuted  the  statements  of  Rosenthal. 

The  marked  effect  of  an  oxygen-rich  mixture  on  the  mechanics  of 
respiration  has  been  noted  in  a  number  of  cases  by  Hill  and  Flack. ^^ 
Not  only  these  authors,^^  but  also  Haldane  and  Priestley,^^  mention 
that  in  holding  the  breath  oxygen-lack  is  a  more  potent  factor  than 
carbon  dioxide  and  much  more  stimulating  to  the  respiratory  centre, 
a  view  substantiated  by  Leimdorfer  2-  and  by  Hough,-'^  who  showed 
recently  that  high  oxygen  delays  hyperpnoea  on  breathing  in  and  out 
of  a  closed  system. 

16  Rosenthal:  Archiv  fur  Physiologic,  1902,  Supp.  Bd.,  p.  293. 

1'  Durig:  Archiv  fiir  Physiologic,  1903,  Supp.  Bd.  pp.  209-369. 

1*  Schaternikoff:   Archiv  fur  Physiologic,  1904,  Supp.  Bd.  pp.  135-166. 

^^  Hill  and  Flack:  British  medical  journal,  1908,  August  22,  p.  499,  and 
October  3,  p.  967;  ibid.,  1909,  November  27,  p.  1522;  Journal  of  physiology,  1909, 
xxxviii,  Proceedings,  p.  i. 

-»  Hill  and  Flack:   Journal  of  physiology,  1908,  xx.xvii,  p.  77. 

21  Haldane  and  Priestley:   Journal  of  physiology,  1905,  x.xxii,  p.  225. 

22  Leimdorfer:   Biochemisches  Zeitschrift,  1909,  xxii,  p.  45. 
^  Hough:    This  journal,  1910,  xxvi,  p.  156. 
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A  critical  examination  of  the  literature  shows  us  that  practically 
all  of  the  results  of  the  experiments  made  on  the  effect  of  oxygen-rich 
mixtures,  with  the  subject  at  rest,  are  in  opposition  to  the  theory  of 
Rosenthal  and  strongly  favor  the  behef  expressed  by  Lavoisier  that 
increased  oxygen  in  the  air  does  not  materially  affect  the  metabohsm. 
Nevertheless  we  find  that  there  is  much  that  is  lacking  in  the  evidence 
thus  far  secured,  so  that  the  matter  is  not  yet  definitely  settled. 

Defects  in  the  Earlier  Investigations. 

In  the  earlier  investigations  but  relatively  few  experiments  have 
been  made,  since  each  investigator  was  content  with  a  small  number 
of  experiments.  Secondly,  very  few  investigators  used  more  than 
one  subject;  and  thirdly,  many  of  the  experiments  were  made  upon 
animals  and  not  on  men. 

Objections  can  furthermore  be  made  to  the  earlier  work,  in  that 
the  experiments  were  not_always  carried  out  under  normal  conditions 
of  rest.  For  instance,  in  the  otherwise  well-planned  research  of  Durig, 
a  maximum  expiration  both  began  and  ended  the  experiment.  This 
is  objectionable,  as  the  maximum  expiration  involves  considerable 
muscular  work  in  excess  of  that  in  normal  breathing;  moreover,  with 
a  maximum  expiration,  there  is  a  disturbance  in  the  composition  of 
the  alveolar  air  at  the  very  start  of  the  experiment.  As  a  consequence, 
the  experimental  conditions  cannot  be  termed  strictly  those  of  "nor- 
mal rest."  A  factor  that  is  probably  not  without  significance  is  the 
mental  state  of  ''attention"  required  of  the  subject  by  this  use  of  the 
maximum  expiration,  owing  to  his  watching  for  the  signal.  In  much 
of  the  earlier  work,  likewise,  the  subject  was  called  upon  more  or  less 
to  assist  personally  in  the  experiments  by  manipulating  valves,  operat- 
ing stopcocks,  etc.  The  muscular  work  involved  therein  has  been 
pointed  out  by  Durig  as  actually  being  of  disadvantage  in  an  experi- 
ment. Furthermore,  in  comparing  the  respiratory  exchange  for  ordi- 
nary air  with  the  respiratory  exchange  for  high  oxygen,  the  observations 
used  in  most  instances  were  not jnade  on  the  same  dav,  and  frequently 
were  separated  by  several  days. 

Throughout  all  of  the  investigations  we  also  fail  to  find  adequate 
records  of  the  effect  of  the  inhalation  of  high  oxygen  on  other  factors 
besides  the  oxygen  consumption,  such  as   the  pulse  and  respiration 
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rates,  and  the  carbon  dioxide  excreted.  To  be  sure,  in  certain  ex- 
periments the  ventilation  of  the  lungs  was  observed,  which  is  an  im- 
portant factor,  but  there  is  little  evidence  to  show  that  there  may 
not  have  been  a  change  in  character  of  the  metabohsm,  and  there 
is  no  evidence  bearing  on  the  possibility  of  there  being  a  different 
sort  of  body  material  burned  in  the  presence  of  high  percentages  of 
oxygen. 

A  further  criticism  of  previous  investigations  may  be  made  in  that  the 
experiments  have  not^een  sufficiently^numerous  and  well  grouped 
to  throw  light  upon  any  slight  differences  in  the  oxygen  absorption 
as  might  become  apparent  if  a  large  number  of  experiments  were 
averaged. 

Finally,  all  the  methods  of  studying  the  respiratory  exchange  of  men 
heretofore  employed  have  involved  the  use  of  elaborate  gas  analysis 
h  apparatus.  Differences  in  gas  analyses  at  the  beginning  or  end  of  an 
'  experiment  which  might  appear  to  be  minute  may  easily  play  an  im- 
portant role  even  to  the  extent  of  completely  masking  (or  implying) 
an  actual  consumption  of  oxygen.  This  is  clearly  shown  by  Durig  in 
his  thorough  criticism  of  Rosenthal's  investigations. 

Purpose  and  Scope  of  this  ImrESTicATioN. 

In  the  investigation  here  reported,  an  effort  was  made  to  determine 
2  the  influence,  if  any,  of  the  inspiration  of  oxygen-rich  mixtures  upon 
the  metabolism  and  the  mechanics  of  respiration.  To  this  end  short 
metabolism  experiments  were  made,  lasting  from  ten  to  thirty  min- 
utes, in  which  the  respiration  apparatus  previously  mentioned  was 
used.  In  these  experiments  the  subject  breathed  either  ordinary 
air  or  a  gas  mixture  containing  40,  60,  or  90  per  cent  of  oxygen  by 
volume. 

In  order  to  obtain  a  true  comparison  of  the  metabolism,  a  series  of 
experiments  with  normal  air  was  made  on  every  day  that  experi- 
ments were  made  with  an  atmosphere  containing  a  high  percentage 
of  oxygen.  If  on  one  day  the  experiments  with  a  high  percentage 
of  oxygen  preceded  the  series  with  normal  air,  on  a  subsequent  day 
the  order  would  be  reversed.  In  fact,  the  experimental  conditions 
were  carefully  arranged  so  that  the  time  of  day,  duration  of  an  experi- 
ment, degree  of  activity,  and  previous  diet  would  be  the  same  in 
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experiments  with  normal  air  as  in  those  with  40,  60,  or  90  per  cent  of 
oxygen  with  which  they  are  compared.  The  experiments  were  all 
made  with  men,  at  least  twelve  hours  after  the  last  meal,  and  with 
the  subjects  King  on  a  couch  at  complete  muscular  rest.  The  experi- 
ments also  allowed  us  to  note  any  possible  effect  of  changing  from  a 
normal  atmosphere  to  one  containing  a  higher  percentage  of  oxygen 
and  vice  versa. 

In  addition  to  studying  the  oxygen  consumption  of  the  subjects, 
we  have  studied  the  metabolism  as  indicated  by  the  carbon  dioxide 
output  and  the  respiratory  quotient.  Furthermore,  data  were  col- 
lected regarding  the  mechanism  of  respiration  and  circulation  as 
indicated  by  the  pulse  and  respiration  rates  and  by  the  graphic  records 
of  the  breathing  as  shown  on  a  k>Tnograph  connected  with  a  pneumo- 
graph placed  about  the  chest  of  the  subject. 

Finally,  the  investigation  was  so  planned  as  to  include  a  large  number 
of  experiments  with  several  subjects,  and  a  considerable  amount  of 
data  has  thus  been  secured  from  which  to  draw  the  final  deductions. 
Every  effort  was  made  to  eliminate  the  personal  equation  and  any 
psychical  effects,  and  all  the  errors  incidental  to  earlier  researches 
were  avoided  so  far  as  possible.  This  investigation  did  not  include 
in  any  way  experiments  with  gas  mixtures  containing  a  percentage 
of  oxygen  materially  lower  than  that  of  normal  air,  nor  of  carbon 
dioxide  mixtures,  the  inspired  air  being  invariably  carbon-dioxide 
free. 

Apparatus  used  in  the  Research. 

With  the  apparatus  used  in  this  investigation,  the  subject  is  not 
enclosed  in  a  chamber,  but  may  he  on  a  comfortable  couch,  sit  in  a 
chair,  stand,  or  do  muscular  work.  A  detailed  description  of  the 
apparatus  has  been  given  in  a  previous  paper,^^  which  includes  also 
a  statement  of  the  fundamental  principles  involved  in  its  construction, 
and  the  method  of  use. 

Since  the  completion  of  the  investigation  several  new  features  have 
been  introduced  in  the  apparatus  which  have  further  increased  its 
efficiency.  A  pneumatic  method  of  throwing  the  valve  which  opens 
or  closes  the  ventilating  system  to  the  outside  air  has  been  substituted 

^  Benedict:  This  journal,  1909,  xxiv,  p.  345. 
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for  the  method  previously  used.  Changes  have  also  been  made  in  the 
forms  of  some  of  the  absorbers.  In  the  earher  development  of  the 
apparatus  a  silver-plated  brass  can,  closed  with  a  rubber  gasket  and 
collar,  was  used  for  the  carbon  dioxide  absorber.  For  this  has  been 
substituted  a  wide-mouth  chemical  bottle,  with  a  capacity  of  about 
2000  c.c.  This  is  closed  with  a  rubber  stopper,  into  which  are  fitted 
two  wide  glass  or  metal  tubes;  one  of  these  tubes  extends  nearly  to 
the  bottom  of  the  bottle,  while  the  other  reaches  only  to  the  bottom 
of  the  stopper. 

A  new  form  of  water  absorber,  recently  presented  to  the  Nutrition 
Laboratory  by  Professor  Graham  Lusk,  has  also  been  substituted  for 
the  sulphuric  acid  container  in  which  the  water  from  the  soda  Hme  is 
absorbed.  This  vessel  was  designed  by  Dr.  H.  J.  WilHams  of  the 
Department  of  Physiology  of  the  Cornell  University  Medical  School. 
It  is  most  ingeniously  and  skillfully  made  of  blown  glass,^°  and  the 
preliminary  tests  with  it  have  been  so  uniformly  successful  and  it  has 
proved  so  efficient  that  we  have  made  it  a  permanent  part  of  the 
apparatus. 

Routine  of  Experiments. 

The  general  routine  of  experiments  with  the  respiration  apparatus 
is  outlined  in  the  paper  previously  referred  to,-^  but  there  were  many 
features  of  the  experiments  with  a  high-oxygen  atmosphere  which 
merit  special  attention.  A  definite  routine  was  followed  which  varied 
but  little  throughout  the  research.  All  of  the  experiments  were  made 
in  the  morning,  beginning  about  eight  o'clock,  and  the  subject  came 
to  the  laboratory  without  breakfast.  By  thus  making  the  experiments 
at  least  twelve  hours  after  the  last  meal,  it  was  the  intention  to  avoid 
the  effect  of  any  work  involved  in  the  digestion  of  food  previously 
taken,  and  to  avoid  particularly  the  specific  dynamic  action  of  the 
protein.  Benedict,  Emmes,  and  Riche  -^  have  recently  shown  that 
there  is  a  considerable  difference  in  the  character  of  the  metaboHsm 
twelve  hours  after  the  last  meal,  this  difference  depending  upon  whether 
the  food  eaten  was  rich  or  poor  in  carbohydrates.    Nevertheless,  the 

26  E.  INlACHLETT  &  Son  of  New  York  City. 

2«  Benedict:  Loc.  cit.,  p.  365. 

"  Benedict,  Emmes,  and  Riche:  This  journal,  1911,  xxvii,  p.  383. 
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total  oxygen  consumption  does  not  vary  materially  at  this  time  unless 
the  previous  meal  has  contained  a  large  amount  of  protein. 

The  subject,  soon  after  his  arrival  at  the  laboratory,  lay  down  on  a 
couch  and  remained  in  this  position  until  the  experimenting  was  over. 
In  order  to  avoid  any  influence  of  previous  activity  on  the  metabolism, 
experimenting  was  not  begun  until  the  subject  had  been  quietly  lying 
on  the  couch  twenty  or  thirty  minutes.  During  the  experimental 
periods  themselves  the  subject  also  remained  as  quiet  as  possible, 
and  usually  made  no  major  muscular  movements,  except,  perhaps, 
to  change  the  position  of  the  hands.  Between  the  experiments  the 
nosepieces  were  deflated  and  the  subject  changed  his  position,  if  he 
desired,  although  further  muscular  activity  was  avoided.  The  first 
experimental  period  was  usually  ten  minutes  in  length  and  subsequent 
ones  fifteen  minutes.  Experiments  on  several  occasions  were  con- 
tinued twenty  or  thirty  minutes,  for  the  purpose  of  noting  any  changes 
in  metabohsm  which  might  result  from  breathing  oxygen-rich  air  for 
over  fifteen  minutes. 

The  experiments  with  a  high  percentage  of  oxygen  were  made  in 
exactly  the  same  manner  as  those  with  normal  air,  special  precautions 
being  taken  in  weighing.  Atmospheres  of  the  desired  tension  were 
obtained  by  means  of  a  simple  technique  which  involved  the  repeated 
filling  with  oxygen  of  the  tension  equalizer  ^^  on  the  apparatus  and 
the  thorough  mixing  of  the  air  after,  each  filling.  In  obtaining  atmos- 
pheres containing  90  per  cent  of  oxygen,  a  second  pan  and  diaphragm 
were  used  in  addition  to  the  tension  equaHzer.  After  an  experiment 
with  an  atmosphere  containing  a  high  percentage  of  oxygen,  dry  air 
of  normal  composition,  free  from  carbon  dioxide,  was  passed  through 
the  carbon  dioxide  absorber  and  its  adjacent  water  absorber  before 
they  were  weighed.  This  insured  their  being  weighed  with  a  content 
of  normal  air  as  in  the  preUminary  weighing,  and  not  with  a  content 
of  the  heavier  oxygen-rich  air. 

The  work  of  an  experimental  day  consisted  first  of  three  experi- 
ments in  which  the  subject  breathed  normal  air;  if  the  agreement  of 
the  results  in  these  three  experiments  was  not  close,  a  fourth  experi- 
ment was  made  with  the  same  atmosphere.  Then  three  experiments 
would  be  made  with  an  oxygen-rich  atmosphere  containing  40,  60, 
or  90  per  cent  of  oxygen.    Experiments  were  made  with  only  one  of 

28  Benedict:  Loc.  cit.,  p.  357. 
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these  oxygen-rich  atmospheres  on  any  day.  After  the  conclusion 
of  these  experiments,  frequently  a  final  experiment  was  made  with 
normal  air.  On  a  subsequent  morning  the  same  routine  would  be 
followed  except  that  the  order  was  reversed  and  the  experiments  with 
an  oxygen-rich  atmosphere  were  made  first.  By  averaging  the  results 
of  the  work  of  these  two  mornings,  it  would  seem  that  fair  averages 
might  be  obtained  for  comparing  the  results  of  breathing  an  atmos- 
phere with  a  high  percentage  of  oxygen  with  the  results  obtained  with 
normal  air.  Checks  on  the  calculated  amounts  of  oxygen  present  in 
the  system  were  made  by  the  Haldane  gas  analysis  apparatus.'^ 

Statistics  of  Experiments. 


In  the  course  of  this  investigation  six  different  subjects  were  used, 
and  292  experiments  were  made  with  satisfactory  results.  Of  these, 
156  experiments  were  made  with  ordinary  air,  49  experiments  with 
40  per  cent  of  oxygen,  32  experiments  with  60  per  cent  of  oxygen, 
and  55  experiments  with  90  per  cent  of  oxygen.  The  subjects  were 
all  young  men  in  good  health  and  connected  with  various  investigations 
in  the  laboratory.  The  physical  data  with  regard  to  height  and  naked 
body  weight  are  given  in  Table  I. 

TABLE   I. 
Statistics  of  Height  and  Average  Weight  of  Subjects. 


Subject. 

Height. 

Body  weight 
without  clothing. 

J.  J.  c 

L.  E.  E 

H.  L.  H 

D.  J.  M 

A.  G.  E 

T.  M.  C 

cm. 

175 
179 
172 
175 
169 
166 

kilos. 

66 
60 
60 

58 
57 
49 

Having  described  the  method  by  which  the  experiments  were  made, 
it  is  not  considered  advisable  to  give  in  detail  the  values  for  the  indi- 

29  Haldane:  Journal  of  physiology,  1898,  xxii,  p.  465. 
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vidual  experiments  with  each  subject.  As  the  worth  of  a  method, 
however,  frequently  depends  upon  the  ability  with  which  constant 
results  can  be  obtaine^d,  we  present  in  Table  II  the  results  of  all  of  the 
experiments  made  with  one  subject,  numbered  in  serial  order  for 
each  day  of  experimenting.  The  values  for  T.  M.  C.  given  in  this 
table  are  typical  of  the  results  obtained  with  the  other  subjects. 

The  subject  T.  M.  C.  had  had  a  long  experience  with  experiments 
on  the  respiratory  exchange,  understood  the  significance  of  the  experi- 
ments themselves,  and  co-operated  in  every  way  towards  their  success. 
The  respirations  were  most  regular,  and  the  subject  was  not  in  any 
way  affected  by  extraneous  movements  in  the  laboratory.  Through- 
out the  experiments  the  body  weight  remained  practically  constant, 
the  periods  for  comparison  being  rarely  more  than  a  few  minutes  apart; 
accordingly  it  was  not  considered  necessary  to  reduce  all  values  to  the 
basis  of  per  kilogram  of  body  weight. 

The  striking  feature  of  Table  II,  irrespective  of  the  percentages 
of  oxygen  in  the  inspired  air,  is  the  remarkable  constancy  of  the  amount 
of  carbon  dioxide  produced  and  of  oxygen  absorbed  per  minute.  If 
we  consider  the  whole  series  of  experiments  extending  from  February 
7  to  June  20,  and  omit  the  obviously  abnormal  value  of  181  in  the 
first  experiment  on  March  26,  we  find  that  the  minimum  carbon  dioxide 
excretion  was  148  c.c.  per  minute,  and  the  maximum  168  c.c.  per 
minute.  It  is  thus  seen  that  the  carbon  dioxide  produced  was  remark- 
ably constant.  The  oxygen  absorption  varied  from  a  minimum  of 
173  c.c.  per  minute  to  a  maximum  of  209  c.c.  per  minute,  variations 
no  larger  than  would  be  expected  with  a  series  of  experiments  extend- 
ing over  so  long  a  period,  with  perhaps  different  planes  of  nutrition 
and  different  atmospheric  conditions. 

The  high  carbon  dioxide  value  and  the  high  respiratory  quotient 
of  1. 00  in  the  first  experiment  on  March  26  can  be  readily  explained 
by  the  abnormally  high  carbon  dioxide  exhalation.  It  is  seen  that  the 
oxygen  consumption  in  the  series  of  experiments  on  this  day  was 
relatively  constant  at  180  c.c,  while  the  carbon  dioxide  excretion  is 
very  much  higher  in  the  first  experiment  than  in  the  others.  This 
may  be  due  to  an  inequahty  of  muscular  activity,  as  the  first  experi- 
ment of  a  series  frequently  tends  to  be  somewhat  abnormal.  For  that 
reason  it  is  usually  only  ten  minutes  long,  and  in  a  few  instances  can 
be  considered  only  as  a  preliminary  observation.    A  close  examination 
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TABLE  II. 

Respiratory  Exchange  of  Subject  T.  M.  C.  while  breathing  Gaseous  Mixtures 

WITH  Varying  Oxygen  Tensions. 


Per- 

Pulse 

Respi- 

Carbon 

Oxygen 

Respi- 

Date. 

Expt. 

No. 

Dura- 
tion. 

centage 

of 
oxj^gen. 

rate  per 
minute. 

ration 
rate  per 
minute. 

produced 

per 
minute. 

absorbed 

per 
minute. 

ratory 
quo- 
tient. 

1910 

min. 

c.c. 

c.c. 

1 

15 

20 

74- 

14 

158 

193 

0.82 

2 

16 

20 

73 

14 

157 

184 

0.85 

Feb.  7 

3 

15 

20 

74 

15 

165 

193 

0.85 

4 

15 

40 

75 

14 

163 

195 

0.84 

5 

15 

40 

74 

15 

164 

203 

0.81 

6 

15 

40 

74 

14 

168 

209 

0.80 

1 

10 

20 

71 

15 

152 

191 

0.80 

2 

15 

20 

71 

14 

155 

181 

0.86 

3 

15 

20 

71 

15 

150 

180 

0.83 

Feb.  23  • 

4 

15 

20 

68 

15 

152 

180 

0.84 

5 

15 

40 

69 

15 

148 

182 

0.81 

6 

15 

40 

67 

16 

150 

186 

0.81 

7 

15 

40 

70 

15 

156 

188 

0.83 

1 

10 

40 

68 

16 

164 

196 

0.84 

2 

15 

40 

66 

14 

152 

188 

0.81 

3 

16 

40 

67 

14 

152 

189 

0.80 

March  23  ■ 

4 

15 

20 

67 

13 

157 

192 

0.82 

5 

15 

20 

68 

13 

159 

184 

0.86 

6 

15 

20 

67 

14 

150 

7 

15 

20 

68 

16 

152 

178 

0.85 

1 

10 

40 

72 

14 

181 

181 

1.00 

2 

15 

40 

72 

15 

164 

179 

0.92 

3 

15 

40 

67 

14 

158 

175 

0.90 

March  26 

4 

15 

40 

67 

15 

161 

181 

0.89 

5 

16 

20 

69 

14 

158 

182 

0.87 

6 

16 

20 

69 

14 

157 

179 

0.88 

7 

16 

20 

69 

15 

161 

186 

0.87 

1 

10 

20 

70 

14 

162 

173 

0.94 

■■ 

2 

15 

20 

70 

13 

155 

179 

0.87 

May  25 

3 

15 

90 

63 

12 

151 

174 

0.87 

4 

15 

90 

66 

13 

154 

183 

0.84 

\ 

5 

15 

90 

65 

14 

152 

179 

0.85 

/ 

1 

16 

20 

70 

14 

150 

June  2  ■ 

2 

17 

20 

68 

14 

152 

174 

0.87 

3 

15 

90 

64 

15 

153 

176 

0.87 

1 

12 

90 

71 

14 

161 

190 

0.85 

2 

15 

90 

71 

14 

155 

191 

0.81 

3 

15 

90 

69 

15 

162 

183 

0.89 

Junes 

4 

15 

20 

71 

13 

156 

190 

0.82 

5 

15 

20 

73 

15 

152 

186 

0.82 

6 

15 

20 

72 

13 

157 

186 

0.84 

7 

15 

90 

69 

12 

162 

187 

0.87 

1 

13 

90 

76 

13 

155 

185 

0.84 

2 

15 

90 

75 

13 

181 

June  20  ■ 

3 

16 

90 

71 

14 

isi 

4 

15 

20 

74 

14 

151 

188 

0.80 

5 

15 

20 

75 

13 

150 

187 

0.80 

6 

15 

90 

68 

13 

154 

182 

0.85 
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of  any  series  of  three  experiments,  made  under  like  conditions,  shows 
that  the  results  are  very  constant,  and  that,  aside  from  the  single 
abnormal  instance  cited  above,  they  can  be  looked  upon  as  true  du- 
plicate experiments. 

Discussion  of  Results. 

In  the  conduct  of  this  research  the  percentage  of  oxygen  was  in- 
creased gradually  with  nearly  all  of  the  subjects.  Thus,  with  any 
particular  subject,  experiments  were  first  made  with  an  atmosphere 
containing  40  per  cent  of  oxygen,  and  subsequently  the  percentage 
of  oxygen  was  increased  to  60  and  90  per  cent  respectively.  Since 
there  was  no  material  difference  in  the  results  of  the  experiments  with 
the  various  percentages  of  oxygen,  we  have  selected  for  special  dis- 
cussion the  most  extended  series,  i.  e.,  those  with  an  atmosphere  con- 
taining 90  per  cent  of  oxygen.  These  results,  together  with  the  results 
.of  the  series  of  experiments  with  an  atmosphere  containing  20  per 
cent  of  oxygen,  are  given  in  Table  III. 


Comparison  of   the  Results  obtained  with  20  per  Cent   and 

99  PER  Cent  of  Oxygen. 

The  results  obtained  in  these  two  series  of  experiments  may  be 
presented  in  a  variety  of  ways  and  a  number  of  different  averages 
drawn.  After  a  careful  consideration  of  the  points  involved,  we  have 
selected  the  following  method  of  presentation  and  averaging. 

As  has  previously  been  stated,  on  every  experimental  day  two  or 
three  series  of  experiments  were  made;  the  daily  averages  for  these 
different  series  have  been  grouped  together  chronologically  for  the 
respective  subjects  in  Table  III.  As  the  experiment  in  Series  III  was 
only  a  supplementary  test  and  not  made  on  every  day,  it  was  not 
averaged  with  the  experiments  in  Series  I,  notwithstanding  the  fact 
that  it  was  made  with  the  same  percentage  of  oxygen  as  those  in 
Series  I. 

A  general  average  for  each  subject  is  also  given  in  Table  III.  In 
an  attempt  to  eliminate  the  possible  influence  of  preceding  muscular 
activity,  time  of  day,  and  adjustment  to  the  apparatus,  we  have 
calculated  this  average  in  the  following  manner.    When  the  number 
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of  experimental  days  on  which  the  experiments  with  20  per  cent  of 
oxygen  were  first  made  exactly  equalled  the  number  of  days  oij  which 
the  experiments  with  90  per  cent  of  oxygen  were  made  first,  the  aver- 
ages for  the  respective  percentages  of  oxygen  were  obtained  by  aver- 
aging the  daily  averages.  If,  however,  they  were  not  exactly  equal, 
all  of  the  experiments  with  20  per  cent  of  oxygen  in  Series  I  were  first 
averaged,  and  then  the  experiments  with  20  per  cent  of  oxygen  in 
Series  II.  These  two  results  were  again  averaged,  and  this  last  value 
is  given  in  the  table  as  the  general  average  for  the  subject  for  this 
percentage  of  oxygen.  The  same  method  of  averaging  was  followed 
for  the  experiments  with  90  per  cent  of  oxygen.  Finally,  the  grand 
average  is  given  for  the  whole  group  of  subjects  for  both  20  per  cent 
of  oxygen  and  for  90  per  cent  of  oxygen. 

An  examination  of  the  figures  in  this  table  shows  that  with  subject 
T.  M.  C.  there  was  an  apparent  increase  in  the  oxygen  consumption 
when  he  was  breathing  an  atmosphere  with  90  per  cent  of  oxygen  on 
the  first  experimental  day,  and  a  very  slight  increase  on  the  second 
experimental  day.  On  the  third  day  there  was  a  decrease  in  the 
oxygen  consumption  at  the  lower  tension,  and  a  slight  increase  at  the 
lower  tension  on  the  fourth  day,  followed  by  one  experiment  with 
high  tension  in  which  the  oxygen  consumption  fell  slightly.  The 
experiments  with  this  subject  as  a  whole  show  that  the  oxygen  con- 
sumption was  independent  of  the  oxygen  tension  in  the  air  inspired. 
There  is,  furthermore,  no  evidence  that  the  order  of  the  experiments 
influenced  the  results  in  any  way. 

With  the  subject  J.  J.  C,  on  April  4,  there  was  a  noticeable  decrease 
in  the  oxygen  consumption  when  changing  from  20  per  cent  to  90  per 
cent;  singularly  enough,  this  subject  shows  a  lower  oxygen  absorp- 
tion at  the  higher  tension  in  all  experiments  save  that  of  June  io.^° 
The  average  results  of  the  five  days  with  this  subject  show  no  dif- 
ference resulting  from  either  the  change  in  tension  of  the  oxygen  or 
the  order  in  which  the  experiments  were  made. 

The  averages  of  the  results  with  the  subjects  A.  G.  E.,  L.  E.  E., 
and  H.  L.  H.  show  a  strikingly  uniform  oxygen  consumption  irre- 
spective of  tension.     The  greatest  dift'erence  observed  in  any  case 

30  This  comparison  applies  only  to  Series  I  and  II,  as  the  one  experiment  in 
Series  III  was  a  supplementary  experiment  and  not  strictly  comparable  with  those 
in  Series  I. 
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where  several  experiments  were  averaged  was  with  the  subject  D.  J.  M., 
where  the  average  for  three  experiments  showed  240  c.c.  of  oxygen 
absorbed  with  20  per  cent  of  oxygen,  and  256  c.c.  as  the  average  of 
three  experiments  with  90  per  cent  of  oxygen.  Unfortunately  other 
experiments  were  not  made  with  this  subject.  D.  J.  M.  was  a  very 
restless  subject,  and  the  results  of  experiments  with  him  are  of  doubt- 
ful value,  especially  as  the  change  may  have  been  due  to  muscular 
activity. 

The  average  of  the  results  with  all  of  the  six  subjects  shows  almost 
uniform  oxygen  consumption  under  both  conditions.  The  carbon 
dioxide  excretion,  respiratory  quotient,  and  respiration  rate  appear 
to  be  unaffected  by  a  change  in  the  oxygen  tension,  w^hile  the  pulse 
rate  shows  a  decrease. 

Conclusions  with  regard  to  the  Oxygen  Absorption  wteen 
breathing  oxygen-rlch  atmospheres. 

Although  in  the  strict  comparison  of  the  oxygen  absorption  with 
oxygen  tensions  varying  between  20  and  90  per  cent,  particular  care 
was  taken  to  have  as  far  as  possible  an  equal  number  of  experiments 
averaged,  it  may  be  seen,  from  an  examination  of  the  daily  averages 
in  Table  III,  that  there  is  practically  no  difference  in  the  oxygen  ab- 
sorption resulting  from  the  order  in  which  the  experiments  were  made. 
Inasmuch  as  we  have  found  this  to  be  likewise  true  in  comparing  the 
results  obtained  with  40  and  60  per  cent  of  oxygen,  we  believe  that 
we  can  make  a  broad  generalization  from  all  of  the  experiments  on 
the  basis  of  the  percentage  of  oxygen  used  without  particular  refer- 
ence to  the  actual  number  of  experiments  averaged  or  the  order  in 
which  they  were  made.  By  so  doing,  it  is  true  that  we  employ  in 
averaging  a  much  larger  number  of  experiments  for  20  per  cent  of 
oxygen  than  for  other  percentages,  but  the  large  number  of  experi- 
ments made  with  each  percentage  of  oxygen  and  the  remarkable 
regularity  found  in  practically  all  of  the  experiments  lead  us  to  beUeve 
that  this  method  of  averaging  and  presenting  the  figures  cannot  be 
seriously  misleading.  This  comparison  of  the  results  obtained  with 
the  different  percentages  of  oxygen  is  given  in  Table  IV. 

An  inspection  of  Table  IV  shows  that  there  is  no  apparent  variation 
in  the  oxygen  consumption  resulting  from  the  breathing  of  20,  40,  60, 
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or  90  per  cent  of  oxygen.    It  is  of  interest  to  note,  although  the  fact 
has  probably  no  great  significance,  that  in  this  table,  at  least,  the 

TABLE   IV. 

Average  Absorption  of  Oxygen  in  Experiments  with  Varying  Oxygen  Tensions. 

(c.c.  per  Minute). 


Subject. 

Twenty  per 
cent  of  oxygen. 

Forty  per 
cent  of  oxygen. 

Sixty  per 
cent  of  oxygen. 

Ninety  per 
cent  of  oxygen. 

T.  M.  C 

J-  J-  c 

A.  G.  E 

L.  E.  E 

H.  L.  H 

D.  J.  M 

184 
228 
219 
244 
234 
234 

,189 
226 
221 
251 

235 

229 
215 

233 
222 

183 
220 
214 
241 
238 
256 

Average    of  all   1 
subjects              / 

224 

224 

225 

225 

largest  amounts  of  oxygen  consumed  were  frequently  found  with  an 
oxygen  tension  of  40  per  cent.  This  was  the  case  with  T.  M.  C, 
A.  G.  E.,  and  L.  E.  E.  One  might  assume,  therefore,  that  these  data 
in  part  substantiate  the  view  held  by  Paul  Bert,  that  with  an  atmos- 
phere containing  40  to  50  per  cent  of  oxygen  there  is  a  larger  oxygen 
consumption.  Inasmuch,  however,  as  the  amounts  are  but  very 
slightly  above  those  obtained  with  90  per  cent  of  oxygen,  the  differ- 
ence is  hardly  of  significance.  The  maximum  difference  as  compared 
with  the  results  with  20  per  cent  of  oxygen  is  that  observed  with 
the  subject  L.  E.  E.,  i.  e.,  7  c.c,  or  about  3  per  cent. 

The  average  results  of  all  the  experiments  with  the  six  subjects  are 
likewise  given  in  the  table.  These  averages  might  also  be  criticised, 
since  the  value  for  20  per  cent  of  oxygen  is  found  from  the  averages 
of  experiments  with  a  greater  number  of  subjects  than  those  for  40 
and  60  per  cent  of  oxygen,  but  this  general  averaging  is  hardly  affected 
by  the  seeming  inconsistency. 

The  slight  mathematical  differences  in  the  oxygen  consumption 
at  different  oxygen  tensions  may  also  be  expressed  on  a  percentage 
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basis.  To  make  the  comparisons  as  strict  as  possible,  we  have  given 
in  Table  V  only  such  experiments  as  are  comparable,  and  equal  numbers 
of  experiments  with  each  percentage  are  averaged.  In  this  table,  we 
find  that  the  sHght  apparent  advantage  in  the  experiments  with  40 
per  cent  of  oxygen,  shown  in  Table  IV,  disappears  in  the  data  given 

TABLE  V. 

Percentage  Comparison  of  Oxygen  absorbed  in  Experiments  with  Different 

Tensions. 


Subject. 

Twenty  per 
cent  of  oxygen. 

Forty  per 
cent  of  oxygen. 

Sixty  per 
cent  of  oxygen. 

Ninety  per 
cent  of  oxygen. 

T.  M.  C 

J-  J-  c 

A.  G.  E 

L.  E.  E 

H.  L.  H 

D.J.  M 

per  cent 

100 
100 
100 
100 
100 
100 

per  cent 

102.0 
98.0 
99.5 

103.0 

100.0 

per  cent 

100.0 
100.5 

100.5 
98.0 

per  cent 

100.5 
99.5 
98.5 

100.5 
99.0 

106.5 

Average   of   all     1 

subjects            J 

100 

100.5                     99.8 

100.8 

for  A.  G.  E.,  but  remains  in  the  cases  of  T.  M.  C.  and  L.  E.  E.  While 
experiments  with  40  per  cent  of  oxygen  were  not  made  with  H.  L.  H., 
and  none  with  60  per  cent  of  oxygen  were  made  with  T.  M.  C.  and 
L.  E.  E.,  the  values  are  so  nearly  uniform  that  the  averages  have  been 
given  in  Table  V,  although  as  strict  averages  they  are  of  course  open 
to  objection.  From  these  final  averages  it  can  be  seen  that  it  appar- 
ently made  no  difference  in  the  results  whether  the  subject  breathed 
ordinary  air  or  air  with  an  oxygen-content  even  as  high  as  90  per  cent. 

As  a  rule,  owing  to  the  length  of  time  required  to  replace  the  air 
in  the  system  with  a  high-oxygen  atmosphere,  the  subject  usually 
knew  when  the  high-oxygen  atmosphere  was  used.  Notwithstanding 
the  psychical  influence  of  such  knowledge,  no  difference  was  usually 
noticed  by  the  subjects  between  the  atmospheres  in  ease  of  respi- 
ration, odor,  comfort,  or  discomfort. 
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Physiological  Sources  of  Error. 

In  all  previous  investigations  on  this  subject  the  methods  used 
have  required  gas  analyses  involving  accurate  sampling  and  delicate 
manipulation,  but  this  method  does  not.  In  other  words,  the  apparatus 
measures,  first,  the  entire  carbon  dioxide  output,  which  of  itself  is 
important  and  significant,  but  more  particularly  it  measures  the 
absolute  amount  of  gas  absorbed  without  recourse  to  gas  sampling, 
a  measurement  of  the  total  air  inspired  and  expired,  or  an  analysis 
of  the  expired  air.  Many  of  the  mechanical  difficulties  met  with  in 
the  usual  routine  of  a  study  of  the  respiratory  gases  are  thus  avoided, 
but  there  still  remain  two  possible  sources  of  error  of  a  physiological 
nature  that  should  be  more  fully  considered. 

Two  questionable  assumptions  are  made  in  this  research:  (i)  that 
the  volume  of  gas  remaining  in  the  lungs  at  the  end  of  a  normal  expi- 
ration is  the  same  at  the  beginning  and  end  of  each  experiment;  and 
(2)  that  the  total  volume  of  gas  dissolved  in  the  body  fluids  does  not 
undergo  material  change  during  the  course  of  an  experiment.  The 
probable  error  in  these  assumptions  warrants  further  discussion. 

Volume  of  air  in  the  lungs.  —  The  assumption  of  constancy  in  the 
volume  of  air  in  the  lungs  at  the  beginning  and  end  of  each  experiment, 
affecting  as  it  does  all  experiments  made  with  this  t^^^e  of  apparatus, 
has  been  given  the  most  careful  consideration.  Personal  conversation 
with  a  large  number  of  physiologists  has  confirmed  us  in  the  belief 
that  under  normal  conditions,  with  the  subject  lying  quietly  and 
breathing  normally,  this  assumption  is  unquestionably  correct.  This 
has  been  further  substantiated  in  two  ways: 

First,  by  means  of  the  large  plethysmograph  of  Haldane  ^^  and  also 
by  an  Ellis  tube  pneumograph  as  used  in  this  laboratory,  it  seems  to 
be  clearly  shown  that  the  volume  of  air  in  the  thorax  at  the  end  of  a 
normal  respiration  remains  essentially  the  same,  as  the  excursions  of 
a  pointer  resting  on  a  tambour  in  connection  with  the  pneumograph 
indicate  that  the  position  in  which  the  chest  comes  to  rest  after  an 
expiration  is  always  the  same.  This  is  strikingly  shown  in  the  curve 
given  on  p.  24,  in  which  the  upper  portion  represents  the  end  of  the 
expiration. 

"  Haldane  and  Priestley:  Journal  of  physiology,  1905,  xxxii,  p.  225. 
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Second,  if  this  volume  should  vary  materially,  we  would  expect 
to  find  very  large  variations  in  the  oxygen  consumed  from  experiment 
to  experiment;  for  if  the  volume  of  air  in  the  lungs  is  greater  at  the 
end  than  at  the  beginning,  the  amount  expelled  into  the  system  would 
be  too  small,  and  pure  oxygen  must  be  added  from  the  weighed  cylin- 
der to  make  good  the  deficiency.  On  the  other  hand,  if  the  volume 
of  air  in  the  lungs  is  less  at  the  end  than  at  the  beginning,  an  excessive 
amount  has  been  expired  into  the  system,  and  the  air  thus  added  takes 
the  place  of  oxygen  that  otherwise  would  have  been  admitted  from 
the  cylinder. 

As  a  matter  of  fact,  an  examination  of  the  data  shows  that  the 
oxygen  consumption,  even  in  individual  experiments,  is  remarkably 
constant.  It  seems  clear,  therefore,  that  for  purposes  of  comparison 
we  can  assume  that  in  these  experiments  the  amount  of  air  in  the  lungs 
after  a  normal  expiration  remained  constant. 

Gases  dissolved  in  the  body  fluids.  —  While  the  method  of  studying 
the  respiratory  exchange  used  in  these  experiments  includes  the 
measurement  of  the  volume  of  gas  absorbed  out  of  a  closed  system 
into  which  the  subject  breathes,  it  does  not  differentiate  between  oxygen 
and  nitrogen  in  this  gas,  but  assumes  that  the  gas  absorbed  out  of 
the  system  is  oxygen,  and  nothing  else.  The  volume  of  oxygen  re- 
quired to  replenish  the  gas  removed  from  the  system  by  the  respiratory 
processes  of  the  subject  is  considered  to  be  a  measure  of  the  oxygen 
consumed. 

If,  however,  in  experiments  where  the  tension  of  oxygen  in  the 
gaseous  mixture  in  the  system  is  greater  than  that  of  normal  air, 
there  has  been  an  interchange  between  the  oxygen  in  the  system  and 
the  nitrogen  in  the  lungs,  obviously  the  nitrogen  has  simply  been 
transferred  from  the  lungs  to  the  ventilating  air-current.  On  the 
other  hand,  this  loss  of  nitrogen  from  the  lungs  must  be  replaced  by 
an  equal  volume  of  gas,  which  is  obtained  from  the  oxygen-rich  mix- 
ture inhaled.  This  interchange  between  the  gaseous  nitrogen  in  the 
lungs  and  the  gaseous  oxygen  previously  in  the  system,  if  a  mere 
substitution,  would  have  no  effect  upon  the  measurement  of  the 
oxygen  actually  absorbed.  In  an  experiment  with  a  high  percentage 
of  oxygen,  therefore,  the  fact  that  the  lungs  at  the  end  of  the  experi- 
ment contain  perhaps  85  per  cent  of  oxygen,  whereas  at  the  start 
they  contained  but  15  per  cent,  would  not  affect  our  calculations  of  the 
oxygen  consumed  inasmuch  as  the  volume  is  unchanged. 
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But  there  is  in  this  connection  a  possible  opportunity  for  error 
that  must  be  carefully  considered.  In  the  blood  plasma  and  body 
fluids,  definite  amounts  of  oxygen  and  nitrogen  are  dissolved  under 
the  conditions  existing  when  normal  air  is  breathed.  When  an  atmos- 
phere rich  in  oxygen  is  inspired,  there  is  a  change  in  the  partial  pres- 
sure of  the  oxygen  in  the  alveolar  air,  and  consequently  there  will  be 
a  certain  absorption  of  oxygen  accompanied  by  the  giving  up  of  nitro- 
gen. Unless  these  two  compensate,  an  error  may  result.  The  re- 
searches and  calculations  of  Durig^^  imply  that  this  compensation 
is  reasonably  complete.  Unfortunately  we  have  at  present  no  special 
experimental  evidence  to  contribute  on  this  point  other  than  that 
afforded  by  a  comparison  of  several  experiments  which  lasted  thirty 
minutes  with  those  which  lasted  fifteen  minutes.  Any  discrepancy 
between  the  absorption  of  oxygen  by  the  body  fluids  and  fat  and  the 
giving  up  of  nitrogen  would  naturally  be  more  apparent  in  the  shorter 
experiments,  since  the  longer  the  period  of  the  experiment  the  more 
time  there  would  be  for  the  establishment  of  an  equiUbrium.  As  a 
matter  of  fact,  the  oxygen  consumption  was  apparently  unaffected 
by  the  length  of  the  experiment. 

Carbon  Dioxide  Excretion  and  Respiratory  Quotient. 

While,  as  has  been  shown,  the  amount  of  oxygen  absorbed  is  not 
apparently  affected  by  the  percentage  of  oxygen  in  the  air  breathed, 
there  still  remains  the  possibihty  of  an  alteration  in  the  character  of 
the  metaboHsm  when  the  blood  plasma  is  saturated,  so  to  speak, 
with  oxygen.  Under  these  conditions  an  examination  of  the  carbon 
dioxide  output  and  the  respiratory  quotient  should  show  any  notice- 
able alteration,  if  present,  in  the  character  of  the  metabolism.  If, 
for  example,  a  larger  proportion  of  glycogen  or  carbohydrate  is  burned, 
the  respiratory  quotient  would  be  materially  increased.  An  exam- 
ination of  Table  III,  which  compares  the  results  with  20  per  cent  and 
90  per  cent  of  oxygen,  shows  that  the  carbon  dioxide  output  indicated 
by  the  averages  for  all  of  the  experiments  was  essentially  the  same 
with  both,  being  perhaps  slightly  lower  with  the  oxygen-rich  atmos- 
phere. As  no  physiological  significance  can  be  ascribed  to  the  sUght 
differences  of  one  or  two  points  in  the  second  decimal  place,  it  is  ap- 

32  Durig:   Archiv  fiir  Physiologic,  Supp.  Bd.,  1903,  p.  209. 
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parent  that  the  respiratory  quotient  was  practically  unaltered.  We 
must  therefore  conclude  that  the  inhalation  of  pure  oxygen  does  not 
produce  any  measurable  change  in  the  character  of  the  metabolism 
during  the  time  that  the  experiment  is  in  progress. 


Mechanics  of  Respiration  and  Circulation. 

Respiratory  volume  and  rate.  —  The  volume  of  air  respired  and  the 
character  of  the  respiration  were  observed  by  means  of  a  pneumo- 
graph fastened  around  the  chest.  A  study  of  a  number  of  the  curves 
obtained  in  these  experiments  shows  that  the  ampHtude  of  the  pointer 
indicates  no  alteration  in  the  character  or  size  of  the  respiration 
when  the  change  was  made  from  one  atmosphere  to  another;  we 
must  therefore  conclude  that  the  inhalation  of  a  high  percentage 
of  oxygen  did  not  produce  an  alteration  in  the  character  or  volume 
of  the  respiration  or  in  its  frequency.  This  is  not  in  accord  with  the 
observations  of  Schlesinger  and  Pembrey,^^  as  they  found  an  average 
increase  of  80  c.c.  in  each  respiration  when  the  subjects  breathed  pure 
oxygen.  Three  curves  obtained  with  T.  M.  C.  are  reproduced  in  Fig. 
I  to  illustrate  the  variation  in  the  respiration  during  an  experiment, 
and  will  serve  as  types  of  the  curves  obtained  during  the  different 
experiments. 

These  curves  were  obtained  in  three  experiments  in  which  the 
subject  breathed  ordinary  air  during  the  preliminary  period  and  then 
a  change  was  suddenly  made  to  air  containing  90  per  cent  of  oxygen. 
Records  were  obtained  with  two  pneumographs,  and  a  time  record 
in  minutes  was  also  made.  As  will  be  seen  by  the  numbering,  the 
records  for  the  first  experiment  are  given  at  the  bottom  of  the  figure, 
and  those  for  the  third  experiment  at  the  top.  Of  the  three  records 
for  each  experiment,  the  upper  (P-i)  shows  the  curve  for  the  pneumo- 
graph fastened  around  the  chest,  the  lower  (P-2)  gives  that  for  the 
pneumograph  about  the  hips,^^  while  the  one  between  {T)  gives  the 
record  of  the  time  in  minutes.  The  beginning  and  end  of  the  experi- 
ments are  indicated  on  this  record  by  the  marks  lettered  S  and  E 

3*  Schlesinger  and  Pembrey:  Journal  of  physiology,  1908,  xxxvii,  Proceed- 
ings, p.  Ixix. 

3^  This  pneumograph  is  used  primarily  to  indicate  any  major  body  movements 
other  than  respiration. 
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respectively.  In  Ex- 
periments I  and  2  the 
beginning  is  coincident 
with  the  time  markings; 
in  Experiment  3  the 
marks  are  in  both  in- 
stances about  half-way 
between  two  time  marks. 
The  regularity  of  respi- 
ration and  the  remark- 
able uniformity  at  the 
end  of  the  expiration, 
namely,  the  upper  part 
of  the  curve,  is  shown 
in  all  of  the  pneumo- 
graph curves. 

In  the  curve  for  Ex- 
periment I  tlie  subject 
was  breathing  room  air 
for  about  one  and  one- 
half  minutes  before  the 
experimentbegan.  When 
the  valve  was  thrown, 
no  difference  was  notice- 
able in  the  amphtude  or 
rapidity  of  respiration; 
likewise  after  the  valve 
was  thrown  at  the  end, 
there  was  no  change  in 
the  rapidity,  and  but  a 
very  shght  increase  in  the 
amplitude.  The  record 
is  also  given  for  one  min- 
ute before  Experiment  2 
began,  and  here  again 
there  is  no  noticeable 
difference  in  the  charac- 
ter of  tlie  respiration  at 
the  time  the  valve  was 
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thrown.  The  curve  does  not  show  the  respiration  after  the  valve 
was  thrown  at  the  end  of  the  experiment.  In  Experiment  3  the  res- 
piration is  indicated  for  one  and  one-half  minutes  before  the  experi- 
ment began.  The  amphtude  of  the  pneumograph  pointer  is  somewhat 
larger  throughout  the  whole  of  this  experiment,  due,  possibly,  to  a 
slight  shifting  in  the  position  of  the  pneumograph.  In  this  experi- 
ment, also,  no  alteration  in  the  character,  rapidity,  or  volume  of  the 
respiration  on  turning  the  valve  can  be  observed.  The  curve  does 
not  show  the  results  after  the  valve  was  thrown  at  the  end  of  the 
experiment. 

Pulse  rate.  —  An  examination  of  the  protocols  shows  us  that  while 
the  change  from  20  per  cent  to  40  per  cent  of  oxygen  was  not  accom- 
panied by  any  material  alteration  in  the  pulse  rate,  there  was  a  slight, 
though  noticeable,  decrease  when  changing  from  20  to  60  per  cent 
of  oxygen.  With  90  per  cent  of  oxygen  there  was  a  very  positive 
decrease  in  the  pulse  rate,  as  may  be  seen  from  the  data  recorded  in 
Table  III,  and  this  feature  of  the  research  seems  to  warrant  further 
investigation.  An  attempt  was  made  in  some  of  the  experiments, 
also,  to  determine  the  blood  pressure  in  the  hope  of  securing  further 
light  upon  this  change  in  pulse  rate,  but  the  results  were  not  sufficiently 
satisfactory  to  permit  positive  deductions. 

There  are  two  methods  by  which  the  data  may  be  studied  to  supply 
evidence  regarding  this  change  in  pulse  rate.  One  is  to  compare  the 
records  during  the  experiments  with  20  per  cent  of  oxygen  with  the 
records  in  the  experiments  with  90  per  cent  of  oxygen.  Due  allowance 
should  of  course  be  made  for  the  continual  decrease  in  pulse  rate 
which  would  naturally  be  expected  with  a  subject  lying  upon  a  couch, 
but  this  may  be  done  by  comparing  the  days  on  which  the  experi- 
ments with  20  per  cent  of  oxygen  were  made  first  with  those  on  which 
those  with  90  per  cent  of  oxygen  were  made  first.  In  making  such  a 
comparison  we  find  that  the  records  for  the  pulse  rate  when  the  sub- 
ject was  breathing  atmospheres  containing  90  per  cent  of  oxygen  were 
almost  invariably  lower  than  in  experiments  with  an  atmosphere 
containing  20  per  cent  of  oxygen. 

A  considerable  number  of  records  of  the  pulse  rate  were  made  prior 
to  and  after  experiments,  while  the  subject  was  still  quietly  lying 
on  the  couch.  An  examination  of  these  observations  also  suppHes 
evidence  regarding  the  change  in  the  pulse  rate  occasioned  by  the 
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change  in  the  percentage  of  oxygen  in  the  atmosphere  breathed. 
These  observations  show  that  usually  after  the  valve  was  thrown 
and  the  experiment  proper  began,  the  pulse  rate  noticeably  decreased 
in  the  experiments  with  90  per  cent  of  oxygen,  and  returned  to  the 
normal  rate  when  air  with  a  content  of  20  per  cent  of  oxygen  was 
again  breathed  at  the  close  of  the  experiment.    This  may  be  seen  in 

TABLE   VI. 

Pulse  Rates  of  A.  G.  E.  while  breathlng  Gaseous  Mixtures  containing 
20  PER  Cent  or  90  per  Cent  of  Oxygen,  May  31,  1910.- 
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Exp. 

1 

70 

69 

62 

64 

62 

61 

66 

90  per  cent 
of  oxygen 

2 

66 

73 

66 

59 

60 

59 

63 

63 

3 

64 

64 

61 

62 

63 

59 

61 

60 

64 

20  per  cent 

4 

68 

66 

65 

69 

71 

72 

69 

65 

of  oxygen 

5 

64 

65 

70 

70 

69 

71 

71 

68 

1  The  figures  in  1 

leavy  type  represent  the  records  tak 

sn  during  the  experimental 

period,  those  in  on 

linary  type  being  the  records  taken 

previous  to  and  after  the 

experiment. 

the  records  of  a  typical  experiment  given  in  Table  VI,  in  which  the 
figures  in  heavy  type  represent  the  records  made  during  the  experi- 
mental period.  It  was  also  noticeable  that  this  decrease  in  pulse  rate 
was  very  rapid,  frequently  being  apparent  in  the  first  few  minutes 
after  the  change  to  the  oxygen-rich  atmosphere  was  made.  From  all 
the  records,  therefore,  which  were  usually  made  every  three  or  five 
minutes,  it  is  apparent  that  the  inhalation  of  oxygen-rich  gaseous 
mixtures,  particularly  those  with  a  very  high  percentage  of  oxygen, 
results  in  a  noticeable  decrease  in  the  pulse  rate. 


Oxygen  Therapy  and  Suggestions  for  Further  Research. 

While  all  of  the  experiments  in  this  investigation  were  made  with 
normal  subjects,  they  throw  certain  definite  fight  upon  the  rationale 
of  using  oxygen  in  therapy .^^    It  would  seem,  a  priori,  to  be  impossible 

35  Durig:  Medizinische  Klinik,  1905,  Nos.  5  and  6,  p.  i;  Michaelis:  Hand- 
buch  der  Sauerstollthcrapie,  Berlin,  1906. 
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to  increase  the  oxygen  consumption  of  man  by  increasing  the  oxygen 
in  the  air  inspired;  but  although  haemoglobin  as  an  oxygen  carrier 
is  not  noticeably  affected  by  the  inhalation  of  oxygen-rich  mixtures, 
we  must  recognize  the  fact  that  the  blood  plasma  contains  a  larger 
amount  of  oxygen  which  may  be  drawn  upon,  thus,  at  least  tempo- 
rarily, aiding  shghtly  in  making  up  any  deficiency  in  the  oxygenation 
by  means  of  haemoglobin.  It  is  furthermore  hardly  probable  that 
with  bedside  use  of  oxygen  or  in  ordinary  treatment  we  should  have 
to  deal  with  the  oxygen  pneumonia  observed  by  J.  Lorrain  Smith  ^^ 
with  small  animals.  The  experiments  made  by  this  investigator 
lasted  many  hours,  and  we  have  no  reason  to  believe  that  the  use  of 
oxygen  for  the  short  periods  of  the  experiments  here  reported  can  in 
any  wise  induce  disturbances  of  the  respiratory  tract.  The  noticeable 
influence  on  the  pulse  rate  when  inhahng  oxygen-rich  mixtures  may 
also  be  of  therapeutic  importance. 

It  is  obvious,  however,  that  many  studies  are  needed  in  order  to 
place  oxygen  therapy  on  a  scientific  basis.  These  investigations  should 
include  a  study  of  the  accurate  determination  of  the  oxygen  con- 
sumption and  carbon  dioxide  production  when  breathing  oxygen- 
rich  atmospheres  in  pathological  cases,  particularly  pneumonia, 
cardiac  disturbances,  and  tuberculosis.  The  influence  of  the  inhala- 
tion of  oxygen  on  the  pulse  rate,  accompanied  by  a  careful  study 
of  the  blood  pressure  under  different  conditions,  particularly  in  patho- 
logical cases,  should  also  be  carefully  studied. 

It  is  possible  that  in  certain  diseases  in  which  the  area  for  gaseous 
interchange  in  the  lungs  is  markedly  decreased  as  a  result  of  con- 
solidation or  other  causes,  the  oxygen-rich  mixtures  might  prove  of 
advantage  from  a  mechanical  standpoint,  requiring  less  effort  for 
respiratory  ventilation  on  the  part  of  the  subject.  The  observations 
of  Pembrey  ^^  seem  to  show  conclusively  that  with  the  Cheyne-Stokes 
respiration  the  inhalation  of  oxygen-rich  mixtures  is  advantageous, 
as  the  high  percentage  of  oxygen  raises  the  point  at  which  carbon 
dioxide  stimulates  respiratory  centres.  We  believe  that  the  apparatus 
described  here  and  the  technique  outlined  may  easily  be  adapted  to 
most  t>pes  of  pathological  experiments.  The  field  for  investigation 
is  therefore  very  large  and  profitable  results  are  almost  assured. 

^®  J.  Lorrain  Smith:  Journal  of  physiology,  1899,  xxiv,  p.  19. 
37  PixT,   Pembrey,   and  Allen:    Medico-chirurgical   transactions,   London, 
1907,  xc,  p.  79. 
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Summary. 

In  experiments  with  normal  individuals  l}dng  at  complete  muscular 
rest,  twelve  hours  after  the  last  meal,  and  breathing  40  per  cent,  60 
per  cent,  and  90  per  cent  oxygen  mixtures,  we  find: 

(a)  that  there  is  no  apparent  difference  between  the  metabolism 
as  indicated  by  the  gaseous  exchange  {i.  e.,  the  carbon  dioxide  output, 
oxygen  consumption,  and  respiratory  quotient)  and  the  metaboHsm 
when  breathing  ordinary  air; 

(b)  that  there  is  no  change  in  the  respiration,  either  as  to  character, 
depth,  or  frequency,  as  compared  with  the  same  factors  when  breath- 
ing ordinary  air; 

(c)  that  the  pulse  rate  is  lower  with  oxygen-rich  mixtures  than 
when  breathing  ordinary  air;  furthermore,  that  the  higher  the  per- 
centage of  oxygen  breathed  (up  to  90  per  cent),  the  lower  the  pulse. 


A  RESPIRATION  APPARATUS  FOR  THE  DETERMINATION 
OF  THE  CARBON  DIOXIDE  PRODUCED  BY  SMALL 
ANIMALS. 

By  FRANCIS  G.  BENEDICT  and  JOHN  ROMANS. 

[Contribution  from  the  Nutrition  Laboratory  of  the  Carnegie  Institution  of  Washington, 
Boston,  Massachusetts,  and  Laboratory  of  Surgical  Research,  Harvard  Medical  School, 
Boston,  Massachusetts.] 

THE  early  use  of  the  determination  of  the  carbon  dioxide  output 
as  an  index  of  total  katabolism  has  led  to  the  development  of 
various  types  of  apparatus,  both  for  animals  and  man,  for  stud}dng 
this  factor  of  metabolism;  in  recent  years  such  apparatus  has  been 
brought  to  a  high  degree  of  perfection. 

The  carbon  dioxide  production,  however,  does  not  always  indicate 
the  total  katabolism  with  a  satisfactory  degree  of  accuracy,  and  in 
order  to  obtain  the  most  accurate  results,  a  determination  of  the 
oxygen  consumption  is  frequently  necessary.  This  is  particularly 
the  case  when  large  variations  in  the  proportions  of  carbohydrate 
enter  into  a  diet,  since  we  then  have  to  deal  with  a  fluctuating  factor 
in  the  storage  of  body  glycogen.  IVIoreover,  with  men,  consuming  as 
they  do  a  large  variety  of  food  materials,  the  use  of  the  carbon  dioxide 
production  as  an  index  of  the  total  kataboHsm  is  especially  unsatis- 
factory, as  it  is  impracticable  to  feed  a  man  on  a  carbohydrate-free,  or, 
indeed,  any  constant  diet  for  a  considerable  period  of  time.  On  the 
contrary,  animals,  particularly  dogs,  may  be  maintained  on  a  constant 
diet,  and  under  conditions  of  relatively  constant  muscular  activity 
and  temperature,  for  weeks,  if  not  months.  Under  these  circumstances, 
it  is  reasonable  to  assume  that  the  variations  in  the  store  of  body 
glycogen  will  not  be  appreciable;  hence  the  carbon  dioxide  output  of 
dogs  or  other  animals,  when  obtained  under  proper  conditions  as  to 
muscular  activity  and  plane  of  nutrition,  may  logically  be  used,  in 
lieu  of  a  calorimetric  estimation,  as  an  index  of  the  total  katabolism. 

29 
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Particularly  is  this  the  case  if  the  factors  to  be  studied  are  superim- 
posed on  a  resting  period  and  the  amounts  of  carbohydrates  ingested 
are  never  materially  altered.^ 

After  the  animal  has  been  maintained  at  a  constant  plane  of  nutri- 
tion for  several  days,  if  some  factor  affecting  metabolism  is  brought 
into  play,  there  will  be  an  alteration  in  the  regular  metabolism  which 
may  be  studied  for  as  long  a  period  as  desired,  the  results  being  com- 
pared to  the  base  line  previously  established. 

It  will  thus  be  seen  that  much  information  can  be  secured  and  many 
problems  settled  with  a  reasonable  degree  of  assurance  by  means  of  a 
careful,  accurate  measurement  of  the  carbon  dioxide  production  alone, 
thus  doing  away  with  time-consuming  oxygen  determinations  and 
expensive  calorimetric  measurements.  Such  use  of  this  factor  is  of 
especial  value  in  making  a  preliminary  survey  of  a  field  of  research  in 
metabolism.  On  the  other  hand,  the  fact  should  not  be  lost  sight  of 
that  for  a  complete  understanding  of  any  particular  factor  influencing 
metabohsm,  oxygen  determinations  and,  if  possible,  calorimetric  meas- 
urements are  highly  desirable. 

A  contemplated  study  of  the  effect  on  dogs  of  the  removal  of  the 
hypophysis,  the  injection  of  hypophyseal  extracts,  and  the  feeding  of 
fresh  or  dried  gland,  led  us  to  a  careful  inspection  of  the  Kterature 
referring  to  the  technique  of  making  respiration  experiments  with 
these  animals.  This  has  brought  us  to  the  conclusion  that  sufficient 
attention  has  not  heretofore  been  paid  to  maintaining  the  animal  in 
comparable  states  of  muscular  activity  at  difi'erent  periods  of  the  ex- 
periment. While  it  is  true  that  attempts  have  been  made  to  secure 
for  dogs  temperatures  high  enough  to  prevent  the  muscular  activity 
of  shivering,  yet,  on  the  other  hand,  Lusk  ^  has  pointed  out  that,  owing 
to  the  great  variation  in  the  metabohsm  of  the  dog  at  temperatures 
lower  than  30°  C,  or  thereabouts,  a  very  large  number  of  experiments 
reported  as  having  been  made  at  "room  temperature  "  have,  probably, 
no  particular  value. 

Even  with  proper  temperature  conditions  and  the  utmost  care  in 

1  The  errors  incidental  to  ingesting  carbohydrates  when  the  body  has  been 
for  some  time  upon  a  carbohydrate-free  diet  or  after  inanition  have  been  clearly 
pointed  out  recently  by  Zuntz:  Naturwissenschaftliche  Rundschau,  xxi,  No. 
38,  p.  2. 

*  Lusk:  Science  of  nutrition,  Philadelphia  and  London,  1909,  p.  153. 
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training  and  preliminary  experimenting,  there  is  still  evident  in  dogs 
an  uncontrollable  muscular  activity.  While  it  is  true  that  Zuntz  has 
been  able  to  train  dogs  with  a  tracheal  fistula  to  He  quiet  for  a  consid- 
erable period  of  time,  yet  the  great  advantage  of  his  method  of  study- 
ing the  respiratory  exchange,  particularly  with  animals,  depends  upon 
the  fact  that  such  experiments  can  be  made  in  short  periods,  during 
which  the  extraneous  muscular  activity  is  eliminated.  Although  it 
is  perfectly  practical  to  prepare  tracheal  fistulas  in  dogs,  and  indeed 
in  large  animals,  as  Zuntz  has  done,  this  technique  is  very  often  diffi- 
cult to  carry  out  when  other  experiments  on  the  same  animal  are 
contemplated;  hence  observers  have,  as  a  rule,  been  content  to  utilize 
either  the  Voit  respiration  chamber  or  a  modification  of  the  closed 
chamber  in  which  the  animal  remains  quiet  and  the  carbon  dioxide 
accumulates. 

By  far  the  largest  number  of  experiments  on  dogs  have  been  made 
by  the  investigators  of  the  Munich  school,  notably  Rubner,  in  which 
the  Voit  respiration  chamber  has  been  used.  In  this  apparatus  a 
current  of  air  is  passed  through  a  chamber,  measured  by  means  of  a 
metre,  and  samples  taken  through  a  smaller  metre.  By  passing  the 
sample  of  air  through  a  barium  hydroxide  solution,  the  carbon  dioxide 
is  absorbed,  and  the  amount  determined  by  titration.  The  ventilation 
of  the  chamber  can  thus  be  adjusted  so  as  to  keep  the  carbon  dioxide 
content  down  to  a  moderate  percentage. 

Frequent  use  has  also  been  made  of  a  closed  chamber  ^  in  which 
the  carbon  dioxide  has  been  allowed  to  accumulate."*  The  increment 
in  carbon  dioxide,  determined  by  the  analysis  of  air  samples,  thus 
furnishes  the  measure  of  the  total  carbon  dioxide  produced.  This 
method  involves  a  careful  measurement  of  both  the  volume  of  the 
chamber  and  the  temperature  of  the  air  inside  the  chamber,  together 
with  records  of  the  barometric  pressure  and  moisture  content.    The 

'  Kaufmann:  Archives  de  physiologie,  1896,  (5),  viii,  p.  329;  Laulanie:  Ar- 
chives de  physiologie,  1894,  (5),  vi,  p.  845. 

^  Laulanie  {Loc.  cit.)  has  shown  that  disturbances  in  metabolism  are  not 
noted  in  small  animals  until  the  carbon  dioxide  has  increased  to  6  per  cent  or 
the  oxygen  decreased  to  about  11  per  cent. 

Benedict  and  Milner  (United  States  Department  of  Agricultare,  Bulletin 
175,  1907,  p.  256),  working  with  man,  found  the  same  carbon  dioxide  production, 
oxygen  consumption,  and  heat  elimination  when  the  man  was  breathing  an  atmos- 
phere cont lining  2  per  cent  of  carbon  dioxide  as  when  breathing  normal  air. 
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most  important  feature  of  the  method,  however,  is  the  analysis  of  the 
gas  samples.  For  this,  Chauveau  and  Tissot  have  employed  an  ex- 
ceedingly delicate  and  fragile  gas  analysis  apparatus  devised  chiefly 
for  blood  gas  analyses,  but  this  requires  very  great  skill  for  its  suc- 
cessful use.^ 

In  connection  with  our  respiration  experiments  on  dogs,  we  have 
adopted  a  modified  form  of  respiration  apparatus  which  has  proved 
so  satisfactory  and  has  brought  out  so  many  interesting  points  that 
it  has  seemed  of  value  to  give  a  description  of  it  here.  The  apparatus 
in  question  is  a  closed  chamber  in  which  the  carbon  dioxide  content  of 
the  air  is  allowed  gradually  to  rise,  the  air  in  the  chamber  being  thor- 
oughly mixed  by  an  electric  fan.  At  the  end  of  each  experimental 
period,  which  may  be  thirty,  forty-five,  or  sixty  minutes  in  length,  gas 
samples  are  taken  and  subsequently  analyzed. 


The  Respiration  Chamber. 

We  first  constructed  a  chamber  with  a  capacity  of  approximately 
looo  litres.  For  the  purpose  of  controlling  the  temperature  wdthin 
reasonable  limits,  the  chamber  was  provided  with  a  coil  of  brass  pipe 
through  which  cold  water  could  be  passed  to  bring  away  the  heat 
produced  by  the  animal  as  fast  as  it  was  formed.  Subsequent  experi- 
ence has  shown  that  this  rise  in  temperature  can  readily  be  controlled 
by  .cooling  the  laboratory  room,  particularly  during  the  winter.  This 
first  apparatus  was  of  a  preliminary  nature,  and  it  was  soon  seen  that 
for  the  size  of  the  dog  used  (5  kgm.)  the  chamber  was  too  large.  Hence 
a  much  smaller  apparatus  was  subsequently  constructed,  in  which  a 
number  of  important  changes  were  made  as  a  result  of  our  experience 
with  the  first  chamber. 

The  respiration  chamber  finally  employed  has  a  dimension  of  ap- 
proximately 60  cm.  on  each  side.  It  is  constructed  of  galvanized 
sheet  iron,  all  of  the  seams  being  well  reinforced  and  soldered  so  as  to 
be  air-tight.  The  general  structure  of  the  apparatus  and  accessories 
is  shown  in  Fig.  i.    The  top,  which  is  removable,  is  provided  with  a 

^  Laulanie  {Loc,  cit.)  reports  a  brilliant  scries  of  analyses  carried  out  by  means 
of  a  eudiometer,  described  by  him  in  Archives  de  physiologic,  1S94,  (5),  vi,  p.  739. 
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flange  which  can  be  lowered  into  a  water  seal.  This  water  seal  is  pro- 
vided by  a  small  trough,  H,  H,  soldered  firmly  to  the  upper  part  of 
the  sides  of  the  chamber.  When  the  cover  is  in  place,  if  sufficient 
water  is  poured  into  this  trough,  a  perfect  closure  is  secured.    While 


oil  is  theoretically  better  than  water  for  such  a  seal,  it  has  the  disad- 
vantage of  being  very  dirty  and  liable  to  become  distributed  all  over 
the  apparatus.  No  valid  objection  can  be  raised  to  the  use  of  water 
as  a  seal  in  this  apparatus,  since  the  determination  of  the  water  vapor- 
ized by  the  dog  was  not  attempted;  furthermore,  the  possibility  of  the 
absorption  of  carbon  dioxide  by  the  small  surface  of  water  exposed  is 
so  slight  that  it  cannot  seriously  affect  the  results.  A  glass  window, 
W,  i6  cm.  square,  is  inserted  tightly  in  the  centre  of  the  top,^  thus 
giving  an  opportunity  for  the  direct  observation  of  the  dog  below. 

®  In  the  figure  this  is  shown  for  convenience  on  the  side  of  the  chamber  rather' 
than  on  the  top. 
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On  one  side  of  the  apparatus  is  attached  a  vertical  sheet  iron  pipe, 
A,  22  cm.  in  diameter,  in  which  is  placed  an  electric  fan.  This  pipe, 
which  is  connected  with  the  chamber  at  the  bottom,  is  carried  across 
the  floor  so  that  the  opening  is  at  the  farther  side.  A  complete  cir- 
culation of  air  is  thus  provided  by  the  current  which  is  drawn  in  at  the 
bottom  and  blown  into  the  top  of  the  chamber  through  a  second  open- 
ing. In  order  to  make  the  fan  accessible  for  repairs  or  for  alteration, 
the  outside  opening  in  the  top  of  the  cylindrical  pipe  is  closed  by  a 
rubber  bathing  cap,  B';  this  allows  considerable  expansion  of  the  air 
inside  the  chamber,  and  facihtates  the  measurement  of  the  volume  as 
well  as  the  regulation  of  temperature  control.  Air  samples  for  analysis 
are  withdrawn  at  the  petcock,  G,  the  point  of  most  complete  mixing 
of  the  air. 

On  the  opposite  side  of  the  chamber  is  attached  a  brass  pipe  sup- 
porting a  shallow  tin  pan  covered  by  a  rubber  bathing  cap,  B'\  which 
is  connected  with  the  chamber  by  the  3-way  petcock,  E.  This  dia- 
phragm allows  for  the  expansion  and  contraction  of  the  air  inside  of 
the  chamber.  The  petcock  F  may  be  used  to  introduce  oxygen  if 
metabolism  in  oxygen-rich  atmospheres  is  to  be  studied.  At  different 
points  about  the  sides  of  the  chamber  are  attached  tubes,  Ti,  T^,  and 
Tz,  through  which  thermometers  can  be  inserted.  By  using  the  elec- 
tric fan  to  mix  the  air  in  the  chamber,  not  only  the  composition  but 
also  the  temperature  of  the  air  is  made  relatively  uniform,  so  that 
temperature  observations  in  different  parts  of  the  chamber  usually 
show  no  material  differences. 

The  total  volume  of  the  chamber  is  approximately  280  litres,  and 
each  bathing  cap  can  be  filled  by  distention  so  as  to  include  2.5  or 
3  litres  more  of  air.  Inasmuch  as  it  is  possible  to  judge  the  height  of 
the  bathing  caps  very  closely  by  the  eye,  it  has  been  deemed  inadvis- 
able to  attempt  to  calibrate  the  height  of  the  diaphragms  and  obtain 
the  exact  volumes  therein,  as  with  an  error  of  even  2  litres  the  error 
in  measurement  of  the  volume  of  the  chamber  would  be  inside  of  i 
per  cent.  Marked  changes  in  temperature  should,  however,  be  taken 
into  consideration,  as  well  as  any  considerable  fluctuations  of  the 
barometer. 

In  our  experiments  with  dogs,  it  was  soon  found  that  excessive 
moisture  conditions  did  not  prevail.  The  dog  did  no  muscular  work 
in  any  of  the  experiments,  and  at  no  time  was  there  a  condensation  of 
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moisture  observed  on  the  glass  window.  While  theoretically,  for  the 
most  exact  work,  calculations  should  be  made  of  the  total  volume  of 
nitrogen  plus  oxygen  plus  carbon  dioxide,  i.  e.,  the  volume  of  dry  air 
in  the  chamber,  this  is  not  necessary  in  the  majority  of  instances. 
Probably  the  best  procedure  is  that  of  Kaufmann,^  who  insured  satura- 
tion of  the  air  by  suspending  wet  cloths  inside  the  chamber. 

The  temperature  control  of  the  apparatus  is  usually  readily  made 
by  cooling  the  laboratory  room,  usually  by  opening  the  window. 
Indeed,  this  temperature  control  is  so  easily  made  that  in  constructing 
the  smaller  apparatus  the  coil  of  cooling  pipe  was  omitted,  as  its  use 
would  have  diminished  the  space  inside  the  chamber. 

• 

Control  Tests  of  the  Respiration  Chamber. 

Method  of  testing  the  chamber  for  tightness.  —  By  a  simple  method  this 
chamber  is  very  readily  tested  for  tightness.  Sufficient  pressure  to 
inflate  the  bathing  caps  is  first  introduced  into  the  chamber  by  means 
of  a  bicycle  pump  or  the  service  of  compressed  air.  A  small  weight  is 
then  put  upon  the  bathing  caps  and  the  height  noted.  A  leak  is  very 
quickly  indicated  by  the  sinking  of  the  rubber  bathing  caps,  as  the 
loss  of  100  c.c.  in  a  half  hour  can  be  readily  observed,  due  allowance 
being  made  for  fluctuations  in  temperature  and  in  the  barometer. 
As  under  experimental  conditions,  there  is  no  measurable  pressure 
inside  the  chamber,  any  leak  invohdng  a  change  in  volume  of  not 
more  than  100  or  200  c.c.  in  half  an  hour  can  be  neglected. 

Alcohol  check  tests.  —  With  a  large  respiration  calorimeter  it  is 
relatively  easy  to  make  alcohol  check  tests,  but  with  this  apparatus 
it  has  been  found  more  difficult.  Naturally  the  best  tests  are  those 
in  which  the  conditions  approximate  as  closely  as  possible  the  condi- 
tions of  the  experiments.  The  ideal  method  would  be,  therefore,  to 
develop  carbon  dioxide  inside  the  chamber  at  the  rate  commonly 
shown  by  the  dog.  For  such  check  tests  a  form  of  alcohol  lamp 
elsewhere  described  ^  has  been  used.  When,  however,  the  carbon 
dioxide  is  allowed  to  accumulate  by  this  method,  a  difficulty  arises  in 
that  a  point  is  soon  reached  when  the  flame  is  affected,  and  only  a 
slight  increase  in  the  percentage  of  carbon  dioxide  in  the  air  is  suffi- 

'  K.'VUFMANN:  Loc.  cit. 

*  Benedict,  Riche,  and  Emmes:  This  journal,  1910,  x.xvi,  p.  7. 
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cient  to  extinguish  it.  Preliminary  tests  showed  that  this  effect  upon 
the  flame  was  due  as  much  to  the  decrease  in  the  oxygen  percentage 
as  to  the  increase  in  that  of  carbon  dioxide.  Accordingly  an  attempt 
was  made  to  overcome  this  difficulty  by  filhng  the  apparatus  with  an 
oxygen-rich  atmosphere  before  beginning  the  tests.  This  was  done 
by  first  placing  the  cover  on  the  chamber,  and  then  introducing  oxygen 
from  a  cylinder  through  the  petcock,  F,  until  the  desired  oxygen  per- 
centage was  obtained.  With  this  oxygen-rich  atmosphere  it  was 
found  that  the  alcohol  burned  freely,  so  that  a  test  covering  several 
hours  could  easily  be  carried  out.  At  the  end  of  the  experiment 
samples  were  taken  and  analyses  made  as  usual. 

Alcohol  check  tests  with  this  apparatus  have  shewn  that  the  results 
are  shghtly  affected  by  the  temperature  and  by  changes  in  barometric 
pressure;  humidity  also  unquestionably  plays  a  role.  While  we  have 
tentatively  estimated  the  error  in  the  determination  of  carbon  diox- 
ide to  be  3  per  cent,  with  refinement  of  temperature  control,  exact 
care  in  analysis,  and  in  the  barometric  and  hygrometric  observations, 
this  error  should  be  somewhat,  if  not  considerably,  decreased. 

It  should  be  stated  here  that,  although  it  has  not  been  attempted 
as  yet  in  this  laboratory,  there  appears  to  be  no  reason  why  the  appara- 
tus cannot  be  used  for  measuring  the  oxygen  consumption  of  an  animal 
as  well  as  the  carbon  dioxide  production.  Laulanie's  ®  experience  with 
this  type  of  apparatus  apparently  leaves  little  to  be  desired,  but  in- 
stead of  the  cumbersome  eudiometer  employed  by  Laulanie,  a  Haldane 
gas  analysis  apparatus  can  be  used,  as  with  it  very  accurate  determina- 
tions of  oxygen  can  be  made.  As  the  increment  in  the  carbon  dioxide 
percentage  and  the  decrease  in  the  oxygen  percentage  can  be  measured 
with  approximately  equal  accuracy,  there  should  be  no  great  difficulty 
in  determining  the  respiratory  exchange.  In  that  case  the  most  exact 
measurements  of  the  temperature  and  of  the  barometer  should  be 
made,  and  probably  more  attention  would  have  to  be  paid  to  the  mois- 
ture content  of  the  air  inside  the  chamber. 

Analysis  of  Air  Samples. 

For  the  analysis  of  the  air  samples  we  have  employed  the  Haldane 
gas  analysis  apparatus.^°    Although  Haldane  makes  his  analyses  over 

^  Laulanie:  Loc.  cit.,  p.  845. 
'°  Haldane:  Journal  of  physiology,  1S9S,  .\xii,  p.  465. 
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mercury,  we  have  found  it  advantageous  to  take  samples  of  the  air 
over  water,  and,  indeed,  in  the  tourniquet  apparatus  so  frequently 
used  by  Zuntz.  This  apparatus  consists  of  six  long,  narrow  glass 
tubes  with  a  capacity  of  340  c.c.  each,  these  tubes  being  so  arranged 
that  they  are  suppUed  through  their  lower  ends  with  water  from  a 
common  reservoir,  the  water  being  acidulated  with  hydrochloric  acid, 
as  recommended  by  Zuntz.  Clamps  are  placed  upon  the  rubber  tubing 
at  the  upper  and  lower  ends,  so  that  by  raising  or  lowering  the  water 
reservoir  (a  Hght  glass  bulb)  each  tube  can  be  separately  filled  with 
air  and  emptied. 

The  Haldane  apparatus  is  very  easy  to  use,  and  extremely  accurate 
results  can  be  rapidly  obtained.  The  one  objectionable  feature  is  the 
calibration  of  the  pipettes.  At  present,  as  no  manufacturer  furnishes 
these  pipettes  with  suitable  accuracy,  it  is  necessary  to  make  one's 
own  calibrations.  The  cahbrations  are  somewhat  difficult  to  make, 
since  in  drawing  off  the  mercury  it  is  necessary  to  attach  a  jet  or 
glass  stopcock  to  the  lower  end.  The  tall  column  of  mercury,  nearly 
85  centimetres  in  height,  produces  a  great  pressure  on  the  rubber 
connection  below,  distending  it  somewhat;  as  the  level  of  the  mercury 
falls,  the  rubber  contracts,  thus  producing  errors  in  the  calibration. 
Haldane  has  suggested  that  this  difficulty  may  be  overcome  by  in- 
verting the  burettes  and  drawing  the  mercury  off  by  the  glass  stop- 
cock at  the  top;  in  that  case  an  additional  correction  is  necessary  to 
allow  for  the  meniscus  of  the  mercury.  Haldane  has  frequently  had 
a  special  glass  stopcock  temporarily  fused  to  the  lower  end  of  the 
burette  until  this  calibration  has  been  made. 


Apparatus  for  indicating  the  Muscular  Activity  of 

THE  Animal. 

Inasmuch  as  it  is  usually  impossible  to  obtain  with  the  subject  of 
the  experiment  a  condition  of  absolute  muscular  rest,  a  record  of  the 
dog's  muscular  activity  is  very  important.  Even  with  the  glass  placed 
in  the  cover  of  the  box,  it  is  impracticable  at  every  moment  to  watch 
the  animal  closely  and  to  record  any  extraneous  movement.  Further- 
more, it  is  almost  impossible  to  give  a  mathematical  expression  to  the 
intensity  of  these  movements.  Even  with  an  animal  well  trained  to 
remain  very  quiet,  there  are  almost  invariably  slight  muscular  move- 
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merits,  which,  though  apparent  to  the  eye,  do  not  appear  to  be  of 
very  great  moment.  Nevertheless,  when  these  movements  are  graph- 
ically recorded  and  the  metabolism  in  the  periods  in  which  such  move- 
ments occurred  is  compared  with  that  in  the  periods  in  which  such 
movements  did  not  occur,  the  great  desirability  becomes  apparent  of 
knowing  accurately  the  intensity  of  this  activity.  The  importance  of 
these  movements  in  contributing  to  the  metaboHsm  in  any  given  periods 
is  therefore  obvious. 

A  graphic  record  of  the  activity  of  the  animal  experimented  upon 
has  been  obtained  with  this  apparatus  in  the  following  manner:  The 
animal  is  confined  in  a  cage  which  is  placed  upon  a  hanging  shelf  or 
rack,  one  end  of  which  rests  on  a  support,  C,  attached  to  the  floor  of 
the  calorimeter  chamber.  A  knife-edge  bearing  minimizes  friction. 
The  other  end  of  the  shelf  swings  free,  being  suspended  by  a  rod, 
D,  D,  D,  and  spiral  springs  from  a  support,  M,  above  the  chamber. 
At  the  upper  end  of  the  rod  is  attached  a  pointer  which  records  on 
the  smoked  paper  of  a  kymograph  any  movements  of  the  rod.  As 
this  rod  passes  through  the  cover  of  the  apparatus,  an  air-tight  closure 
is  necessary,  and  for  this  we  have  used  a  cyhnder,  /,  open  at  the  lower 
end  and  screwed  to  the  rod  at  L.  This  cylinder  dips  into  water  in  an 
annular  space,  K,  K,  between  two  cylinders  soldered  to  the  top  of  the 
cover  of  the  chamber.  This  provides  an  air-tight  closure.  As  the  rod 
moves,  the  cylinder  plays  up  and  down  in  the  water  with  a  mini- 
mum amount  of  friction. 

Obviously,  with  the  cage  suspended  in  this  manner,  any  change  in 
the  position  of  the  centre  of  gravity  of  the  dog  will  disturb  the  equi- 
librium between  the  end  of  the  rack  fastened  to  the  support  on 
the  floor  of  the  chamber  and  the  end  suspended  by  the  spring,  and 
thus  greater  or  less  tension  will  be  thrown  upon  the  spring,  causing 
the  rod  to  move  up  and  down.  This  movement  of  the  rod  is  recorded 
on  the  smoked  paper,  and  it  is  possible  in  this  way  to  secure  very 
satisfactory  tracings  of  the  muscular  movements  of  the  dog.  All 
muscular  movements  that  are  noticeable  to  the  eye  are  instantly 
recorded,  and  even  lesser  activity,  such  as  slight  shivering,  can  be 
detected.  As  the  tension  can  be  arbitrarily  adjusted  so  as  to  permit 
of  larger  or  smaller  fluctuations  in  the  movements  of  the  springy  any 
desired  magnification  of  the  record  can  be  obtained  by  adjusting  the 
sensitiveness  of  the  spring.    If  the  dog  for  any  reason  makes  a  major 
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motion  and  shifts  the  position  in  which  he  Hes,  and  then  subsequently 
Hes  quiet,  the  pointer  simply  adjusts  itself  to  another  level  on  the 
drum  of  the  kymograph,  and  the  Hne  will  thereafter  remain  straight 
as  long  as  the  dog  is  quiet.  Naturally  the  best  results  are  obtained 
by  having  the  weight  of  the  cage  and  support  as  small  as  possible, 
and  this  has  been  taken  into  consideration  in  the  construction  of  the 
apparatus.  Sample  records  of  the  muscular  activity  of  a  dog  obtained 
by  this  method  are  reproduced  in  curve  i. 

Description  of  Kymogr.4ph  Curve  showing 
Muscular  Activity. 

The  curve  should  be  read  from  the  bottom  to  the  top.  For  ob- 
taining these  records,  the  cage  was  suspended  outside  of  the  regular 
chamber  so  that  observations  of  the  dog  could  be  made  which  could 
be  compared  later  with  the  record  of  the  fluctuations  of  the  pointer. 
Exactly  the  same  knife  edges  and  bearings  were  used  and  the  exact 
relation  of  all  parts  was  retained,  the  only  difference  between  this  test 
and  a  regular  experiment  being  that  the  enclosing  wall  of  galvanized 
iron  was  not  employed.  Inasmuch  as  this  was  an  abnormal  situation 
for  the  dog,  he  did  not  settle  down  for  some  time  after  he  was  placed 
in  the  cage.  This  period  of  settKng  down  is  very  well  shown  in  the 
lowest  record.  It  should  be  borne  in  mind  that  each  of  these  move- 
ments represents  a  vertical  displacement  of  the  cage,  and  the  amphtude 
of  vibration  is  exactly  twice  the  vertical  displacement  of  the  centre  of 
the  cage.  As  the  kymograph  drum  rotated,  notes  were  made  at  dif- 
ferent points  of  observations  regarding  the  position  of  the  dog.  These 
follow : 

1.  Dog  sat  up  on  haunches. 

2.  Partly  stood  up  for  a  moment  and  then  sat  down  instantly. 

3.  Sitting  with  left  fore-paw  bent  and  the  head  over  the  back. 

4.  The  head  resting  on  the  back. 

5.  Lay  down  with  the  head  over  the  back,  well  toward  the  tail. 

6.  Head  withdrawn,  and  nose  placed  under  hind  leg. 

7.  Head  up,  looking  about. 

8.  Head  under  leg,  in  perfect  repose. 

The  temperature  at  this  time  was  17°  C,  and  in  order  to  make  a 
more  careful  analysis  of  the  minor  fluctuations  at  this  temperature 
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the  speed  of  the  kymograph  was  greatly  accelerated  and  a  Jaquet 
clock  for  marking  seconds  was  used  to  take  the  subsequent  record. 
The  second  record  (the  first  one  with  time  markings  below  it)  indicates 
that  the  dog  remained  perfectly  quiet  except  for  shivering,  which 
would  be  noticeable  at  a  temperature  of  17°  C.  The  window  was  then 
opened,  and  the  room  allowed  to  cool.  When  the  temperature  had 
reached  14°  C,  a  record  with  a  rapidly  moving  drum,  accompanied 
by  a  time  record  in  seconds,  was  likewise  taken.  According  to  this 
record,  the  dog  was  somewhat  -restless,  as,  beginning  at  the  point 
marked  9  on  the  14°  C.  curve,  he  moved  his  head,  then  sat  partly  up,  and 
lay  down  again  immediately,  finally  at  10  assuming  a  position  of  rest, 
aside  from  shivering.  The  marked  accentuations  of  the  shivering  can 
be  seen  as  well  as  the  rhythmical  movement  of  the  line.  This  rhythm 
is  due  to  the  respiration,  which  movement  is  superimposed  upon  the 
regular  shivering.  When  the  temperature  of  the  room  had  reached 
12.8°  C,  another  record  was  taken;  this  shows  even  more  clearly  the 
marked  eft'ects  of  shivering,  with  the  superimposed  respiration  move- 
ment. The  room  was  then  rapidly  heated  to  25°  C.  and  with  a  rapidly 
moving  drum  a  record  was  taken  for  several  minutes,  resulting  in 
an  absolutely  straight  fine.  After  two  or  three  minutes  the  drum 
was  slowed  down  and  a  further  record  taken  for  ten  minutes.  At 
two  points  indicated  at  the  latter  end  of  this  record,  the  dog  moved 
his  head  twice.  The  temperature  was  then  gradually  lowered  and 
short  records  taken  at  23°,  22°,  and  21°.  At  22°  C.  we  begin  to  find 
slight  movements  of  the  dog,  although  these  slight  shivering  move- 
ments are  obscured  at  the  end  of  the  record  by  a  movement  of  the 
head.    At  21°  the  slight  movement  is  still  more  noticeable  than  at  22°. 

One  important  deduction  which  may  be  drawn  from  this  kymo- 
graph curve  is  that  the  records  prove  true  what  has  been  found  by 
many  experimenters  from  practical  experience,  i.  e.,  that  a  tempera- 
ture of  25°  C.  or  above  is  necessary  for  absolute  quiet  on  the  part  of 
the  dog.  This  dog  was  short-haired,  and  a  different  set  of  records 
might  have  been  obtained  with  a  long-haired  dog.  It  is  very  easy, 
however,  with  records  of  this  kind  to  find  what  temperature  is  best 
suited  for  absolute  quietness  on  the  part  of  the  animal  experimented 
with. 

It  should  be  stated  that  this  method  can  also  be  used  to  determine 
the  muscular  activity  of  other  animals,  such  as  rats,  mice,  or  rabbits, 


A  Respiration  Apparatus. 


41 


o 
O 

CM 


o 

oj 
f\J 


o 

o 

O  : 

CO  : 


,<- 


o 

o 

o 

CO 
CM 
r 

o 
O 

id 

CM 


o 
CM 


O 


CD 


lO 


o 


t- 


> 


t     ■■ 


1 

>     "     ::: 


f 


42 


Francis  G.  Benedict  and  John  Houians. 


by  placing  them  in  small  metabolism  cages  either  inside  or  outside  of 
a  respiration  chamber,  and  attaching  the  cages  to  levers  as  in  the 
apparatus  here  described." 

As  an  index  of  the  extreme  closeness  of  the  relationship  between 
the  muscular  activity  and  the  carbon  dioxide  production,  we  show 
in  the  table  the  carbon  dioxide  production  per  forty-five  minutes  in 
an  experiment  with  a  dog,  and  also  in  curve  2,  the  kymograph  records 
obtained  in  the  same  experiment. 

Kymograph  Record  obtained  in  a  Metabolism  Experiment 

ON  A  Dog. 


The  record  ^^  shown  in  curve  2  was  obtained  in  a  regular  metabolism 
experiment  made  with  a  dog  on  May  11,  1910.    It  should  be  stated 

Carbon  Dioxide  Production  in  Metabolism  Experiment  with  Dog  (May  11. 1910). 


Period. 

Carbon  Dioxide  Residual. 

Carbon 

dioxide 

produced. 

Percentage. 

Amount. 

At 
beginning. 

At 

end. 

At 
beginning. 

At 
end. 

I 

II 

Ill 

IV 

per  cent 

0.262 
0.791 
1.404 
2.028 

per  cent 

0.791 
1.404 
2.028 
2.592 

gm. 

1.283 
3.872 
6.873 
9.928 

gm. 

3.872 

6.873 

9.928 

12.689 

gm. 

2.59 
3.00 
3.06 
2.76 

Total .    .  11.41 

that  the  apparatus  was  at  that  time  in  the  earlier  stages  of  develop- 
ment, and  the  cage  used  was  very  much  heavier  than  that  employed 
when  the  records  in  curve  i  were  made.  As  a  matter  of  fact  the 
cage  used  on  May  11,  19 10,  weighed  11.6  kgm.;  the  one  used  for 
the  records  in  curve   i  weighed   but  3.4  kgm.;   the  weight  of  the 

"  At  the  moment  of  writing,  this  principle  is  being  applied  to  the  larger  calor- 
imeters for  man  installed  in  the  Nutrition  Laboratory. 

12  At  the  time  this  record  was  taken  the  temperature  of  the  apparatus  rose 
slowly  from  21°  at  the  beginning  to  23°  at  the  end. 
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dog  was  5  kgm.  Consequently  the  vibrations  are  much  diminished 
and  the  sensitiveness  of  the  apparatus  much  reduced. 

These  records  are  again  to  be  read  from  the  bottom  up.  It  can  be 
seen  that  during  the  first  period  the  dog  was  apparently  absolutely 
quiet.  In  the  other  periods  there  were  motions  which  in  all  probability 
were  due  to  the  lifting  up  of  the  head  and  keeping  it  raised  for  several 
moments.  When  the  dog  is  lying  curled  up,  as  is  usually  the  case 
during  an  experiment,  the  effect  upon  the  metabolism  of  raising  the 
head  may  be  somewhat  more  than  that  of  the  simple  muscular  activity. 
There  is  a  certain  part  of  the  skin  area,  i.  e.,  the  lower  part  of  the  neck 
and  part  of  the  thigh  and  body,  which  is  warmed  when  the  head  is 
placed  closely  against  it.  When  the  head  is  raised,  not  only  is  this 
muscular  activity  involved,  but  there  is  likewise  a  cooHng  off  of  the 
skin  which  must  subsequently  be  warmed.  It  may  readily  happen, 
therefore,  that  in  a  period  where  several  head  movements  follow  each 
other  rapidly,  the  metabohsm  may  be  less  than  in  a  period  where  the 
head  movements  were  quite  separated  one  from  the  other.  It  is  on 
this  basis  that  we  explain  the  rise  in  carbon  dioxide  found  in  period 
11,^^  as  shown  in  the  table. 

For  example,  an  examination  of  the  table  would  indicate  that  the 
muscular  activity  was  apparently  no  greater  in  period  II  than  in 
period  IV,  and  yet  it  can  be  seen  upon  a  close  examination  that  the 
restlessness  continued  throughout  the  whole  of  period  II  to  a  greater 
or  less  extent,  while  in  period  IV  the  restlessness  was  chiefly  in 
the  first  part  of  the  period,  with  a  slight  restlessness  just  at  the  end, 
probably  too  near  the  end  to  be  measured  with  the  sample  of  that 
period.^^  The  value  of  the  records,  however,  for  interpreting  the  vari- 
ations in  metabohsm  is  self-evident. 

In  studying  any  particular  factor  in  metabohsm,  the  assumption 
that  an  increase  in  the  carbon  dioxide  production  is  due  to  the  super- 
imposed conditions  is  manifestly  erroneous  unless  the  extraneous  mus- 
cular activity  is  taken  into  consideration.  With  a  series  of  graphic 
records  of  the  muscular  activity  of  the  subject,  it  is  possible  to  select 

"  An  examination  of  the  curve  shows  that  the  centre  of  gravity  of  the  body 
of  the  dog  was  frequently  changed  sufficiently  to  indicate  a  noticeable  difference 
in  the  levels  of  the  record  on  the  smoked  paper. 

"  The  taking  of  the  sample  at  the  end  of  each  period  was  coincident  with  the 
end  of  the  line  on  the  record. 
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periods  in  the  experiment  in  which  the  muscular  activity  was  at  a 
minimum,  and  no  major  muscular  movements  occurred.  If  the  me- 
taboHsm  for  these  periods  is  compared  with  the  base  Hne,  we  have  a 
much  more  scientifically  sound  basis  for  comparison  than  can  be 
obtained  in  any  other  way.  It  is  beHeved  that  the  principles  and  the 
method  here  outlined  are  capable  of  very  great  extension  and  should 
be  of  great  service  to  physiologists  in  experiments  with  animals.^^ 


Routine  of  Experiments. 

For  the  purpose  of  collecting  the  urine  and  feces,  the  animal  is  kept 
in  a  metabolism  cage  of  any  ordinary  type,  which  is  placed  in  a  room 
with  good  light  and  with  as  uniform  a  temperature  as  possible.  The 
animal  is  fed  once  a  day,  always  in  the  afternoon,  the  amount  of  food 
being  weighed,  and  the  amount  of  water  measured.  In  order  to  control 
the  accuracy  of  this  proceeding,  a  sample  of  food,  similar  to  that  given 
to  the  dog,  is  analyzed  once  a  week.  A  given  amount  of  water  is  mixed 
daily  with  the  food,  and  in  addition  a  known  quantity  is  given  to  the 
animal  in  a  dish;  the  amount  the  dog  drinks  is  thus  easily  estimated. 
If  any  of  the  food  given  to  the  dog  is  left  uneaten,  it  is  removed,  but 
this  is  and  should  be  of  rare  occurrence,  for  the  amount  of  uneaten 
food  can  be  only  roughly  estimated.  The  experiments  are  always 
made  in  the  morning,  approximately  sixteen  hours  after  feeding. 

Daily  observations  of  the  animal.  —  On  being  taken  from  the  cage, 
the  dog  is  first  weighed,  then  allowed  to  lie  still  in  the  observer's  lap, 
while  records  of  the  pulse,  respiration,  and  temperature  are  being 
taken.  For  accurate  observations  of  these  factors,  the  animal  should 
be  completely  relaxed  and  quiet,  and  this  state  may  not  be  reached 
for  fifteen  to  thirty  minutes;  even  after  the  animal  has  become  quiet, 
the  pulse  rate  may  continue  to  fall  for  five  or  ten  minutes. .  The  shght- 
est  shivering  or  spasmodic  respiration  increases  the  pulse  and  respira- 

^^  A  modification  of  the  details  of  this  apparatus  has  recently  been  made  by 
us  in  which  the  movements  of  the  animal  cage  are  transmitted  by  means  of  a  Fitz 
tube  pneumograph  to  a  Marey  tambour  outside  of  the  respiration  chamber. 
Preliminary  tests  with  this  modification  lead  us  to  believe  that  much  may  reason- 
ably be  expected  of  it.  The  apparatus  described  in  this  paper  has,  however,  been 
used  for  an  extensive  series  of  experiments,  the  results  of  which  are  now  being 
prepared  for  publication. 
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tion  rates  materially.  This  shivering  is  apparently  due  to  cold,  and 
though  different  dogs  vary,  and  even  the  same  dog  may  react  differ- 
ently from  time  to  time  to  low  temperatures,  it  is  almost  always 
necessary  with  short-haired  dogs  to  secure  a  room  temperature  of 
at  least  24°  C.  in  order  that  the  animal  may  be  thoroughly  relaxed. 
The  mimimum  constant  pulse  and  respiration  rates  are  of  course 
taken. 

The  Respiration  Chamber  Period. 

After  the  records  of  the  pulse,  respiration,  and  temperature  have 
been  obtained,  the  animal  is  at  once  placed  in  the  chamber,  the  fan 
is  started,  and  the  cover  closed  down.  If  the  temperature  is  not  at 
least  24°  C.  at  the  beginning  of  the  experiment,  it  is  raised  by  any 
convenient  means  until  this  point  is  reached. ^"^  Until  the  dog  hes 
quietly  and  breathes  without  muscular  twitchings,  no  sample  is  taken. 
During  this  preliminary  period,  which  may  often  require  from  half  an 
hour  to  an  hour,  the  movements  of  the  animal  are  recorded  on  the 
drum.  When  the  record  shows  the  dog  to  be  quiet,  and  the  tem- 
perature has  been  satisfactorily  adjusted,  the  first  sample  is 
taken. 

Several  minutes  before  the  time  for  taking  the  first  sample,  the  pet- 
cock,  G,  is  connected  by  a  short  capillary  glass  tube  with  one  of  the 
sample  tubes,  which  has  previously  been  filled  with  room  air.  As 
the  withdrawal  of  the  volume  of  air  required  for  a  sample  would  reduce 
the  volume  of  air  in  the  system,  this  is  compensated  for  by  introducing 
into  the  chamber  the  entire  air  content  of  the  sample  tube  by  lifting 
the  reservoir,  and  then  in  the  same  way  alternately  filling  and  emptying 
the  sample  tube  with  air  from  the  chamber.  For  the  next  few  minutes, 
or  until  the  exact  moment  of  taking  the  sample,  the  tube  is  several 
times  filled  and  emptied  of  air  from  the  chamber.  Accordingly,  when 
the  sample  is  finally  withdrawn,  it  represents  the  most  complete 
mixture  obtainable.  As  the  actual  filHng  of  the  tube  occupies  only 
fifteen  to  twenty  seconds,  the  timing  of  the  operation  can  be  made 
sufficiently  accurate. 

18  The  methods  generally  used  have  been  to  raise  the  temperature  by  letting 
the  sunshine  fall  upon  the  chamber,  or  by  placing  a  gas  stove  near  it;  and  to 
lower  the  temperature  by  opening  the  windows,  creating  a  draught,  etc.  With 
but  rare  exceptions,  the  temperature  is  kept  between  24°  and  25°  C. 
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The  sample  is  now  taken  to  the  Haldane  apparatus  and  immediately- 
analyzed.  Test  experiments  have  shown  that  if  the  tube  is  completely 
filled  with  air,  so  that  only  a  Httle  water  is  left  adhering  to  its  sides, 
the  sample  miay  be  allowed  to  stand  for  several  hours  before  being 
analyzed.  On  the  other  hand,  if  one  analysis  is  made,  in  which  the 
water  is  allowed  to  rise  in  the  sample  tube,  succeeding  check  analyses 
must  be  made  at  once,  or  the  water  will  dissolve  an  appreciable  amount 
of  carbon  dioxide.  The  practice  has  therefore  been  followed  of  making 
a  dupHcate  analysis  of  each  sample  before  the  next  is  obtained. 

During  the  experiment  all  noise,  except  that  necessarily  made  by 
the  observer,  is,  so  far  as  possible,  excluded.  Samples  of  air  are  usually 
taken  every  thirty  to  forty-five  minutes.  If  at  the  end  of  two  periods 
the  drum  record  shows  that  the  animal  has  been  quiet,  he  is  often 
removed  and  the  experiment  concluded.^'' 

If  during  one  or  more  periods  the  dog  has  moved  considerably  or 
if  for  any  reason  there  is  doubt  about  the  accuracy  of  the  sampKng, 
the  animal  is  kept  in  the  chamber  until  a  satisfactory  series  of  periods 
is  obtained,  or  until  it  is  considered  desirable  to  abandon  the  experi- 
ment. During  this  time  the  temperature  inside  the  box  is  constantly 
recorded  and  if  necessary  regulated.  The  dog  is  then  removed  and, 
as  a  control,  records  of  the  pulse,  respiration,  and  rectal  temperature 
are  again  taken. 


The  Use  of  Kymograph  Records. 

Whenever  the  dog  is  at  all  restless  in  the  chamber,  the  kymograph 
record  gives  an  accurate  account  of  the  extent  of  his  movements.  By 
comparing  the  rate  of  increase  in  carbon  dioxide  during  the  successive 
periods  of  any  one  experiment  with  the  writings  on  the  drum,  the  effect 
of  the  exercise  upon  the  gaseous  metabohsm  can  readily  be  seen.  In 
order  to  compare  the  carbon  dioxide  production  in  a  series  of  experi- 
ments, it  is  absolutely  necessary  to  select  for  comparison  periods  in 
which  the  record  shows  the  activities  of  the  animal  to  have  been 
practically  identical. 

'^  The  rate  of  carbon  dioxide  production  is  not  affected  by  its  accumulation 
in  the  chamber  in  quantities  under  6  per  cent.  Laulanie:  Loc.  cii.  In  this  series 
of  experiments  it  has  not  been  carried  beyond  3.5  per  cent. 
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Relation  of  Pulse  Rate  to  Carbon  Dioxide  Production. 

The  experience  on  men  in  the  Nutrition  Laboratory  ^^  indicated 
the  importance  of  studying  the  relation  between  pulse  rate  and  metab- 
olism on  animals. 

For  the  purpose  of  checking  the  experiments  on  carbon  dioxide 
production,  accurate  daily  observations  of  the  pulse  and  respiration 
rates  have  been  made.  It  is  plain  that  unless  these  observations  are 
made  daily  and  under  identical  circumstances,  they  will  be  of  little 
value.  During  several  months'  work  the  possibilities  of  inaccuracy 
in  this  direction  were  developed,  especially  such  inaccuracies  as  might 
result  from  the  chance  excitation  of  the  animal,  improper  temperature, 
accidental  feeding,  etc.  In  connection  with  this  work  an  attempt 
was  made  to  take  a  daily  blood  pressure  observation,  by  means  of 
a  Leonard  Hill  sphygmometer.  This  accentuated  the  well-known  fact 
that  no  satisfactory  method  has  as  yet  been  devised  for  taking  the 
blood  pressure  of  a  small  animal  without  the  direct  use  of  an  artery. 
It  was  found  that  upon  such  a  small  animal  our  observations  were 
necessarily  inaccurate,  and  the  attempt  was  accordingly  abandoned. 
The  pulse  rate  alone,  however,  has  proved  a  fairly  accurate  index  of 
the  carbon  dioxide  production,  — •  always  providing  that  the  con- 
ditions of  muscular  activity  under  which  the  two  records  are  made 
are  identical. 

SUM]^IARY. 

1.  The  closed  chamber  method  for  determining  carbon  dioxide  in 
short  experiments  with  small  animals  has  been  resuscitated.  It  is 
strongly  to  be  recommended  for  a  preliminary  survey  of  many 
research  problems  in  animal  metabolism,  but  is  not  offered  as  a 
substitute  for  direct  determinations  of  oxygen  and  heat. 

2.  Samples  of  the  confined  air  in  the  chamber  are  analyzed  by  the 
exceedingly  exact  and  relatively  simple  apparatus  and  method  of 
Haldane. 

3.  Graphic  records  expressing  with  approximate  mathematical 
accuracy  the  variations  in  the  muscular  activity  of  the  animal  are 

1^  Benedict  and  Carpenter:  Carnegie  Institution  of  Washington  Publi- 
cation No.  126,  p.  248. 
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obtained  by  suspending  the  animal  cage  on  a  movable  rack  connected 
with  supporting  springs  on  the  top  of  the  chamber.  A  pointer  records 
on  a  smoked  paper  kymograph  the  vertical  displacement  of  this  cage 
due  to  alteration  in  the  position  of  the  centre  of  gravity  of  the  animal. 
4.  A  description  is  given  of  the  routine  found  best  adapted  for  me- 
tabolism experiments  with  dogs  with  this  apparatus. 


A  QUANTITATIVE  STUDY  OF  FARADIC  STIMULATION.  — 
VI.  THE  COMPARISON  OF  ONE  INDUCTORIUM  WITH 
ANOTHER. 

By  E.  G.  MARTIN. 

[From  the  Laboratory  of  Physiology  iti  the  Harvard  Medical  School.] 

TN  developing  a  system  for  expressing  the  strengths  of  induction 
■*-  shocks  in  terms  of  "stimulation  units"  it  is  of  course  essential 
that  the  method  of  obtaining  these  units  be  applicable  to  various  in- 
ductoria,  so  that  a  given  strength  of  stimulus  shall  be  expressed  by 
the  same  figures  no  matter  by  what  inductorium  the  stimulus  is 
generated. 

The  method  employed  in  this  work  for  making  different  inductoria 
comparable  consists  in  introducing  into  the  expression  for  the  strength 
of  stimulus  a  factor  L  which  depends  upon  the  construction  of  the 
secondary  coil/  it  having  shown  experimentally  that  by  the  intro- 
duction of  this  factor  in  the  proper  way  corresponding  stimuli  give 
corresponding  values  in  terms  of  stimulation  units  when  generated 
by  different  inductoria.^  Recently,  however,  Gildemeister,^  work- 
ing with  inductoria  made  purposely  to  differ  widely  from  each  other 
in  construction,  has  pointed  out  that  in  such  inductoria  the  compari- 
son of  one  with  another  depends  in  part  upon  the  resistance  in  the 
secondary  circuit,  so  that  the  simple  introduction  of  the  factor  L 
into  the  expression  for  stimulation  strength  is  not  sufficient  to  make 
all  stimuli  directly  comparable.  This  observation  of  Gildemeister 
makes  necessary  a  re-examination  of  the  method  of  comparing  in- 
ductoria quantitatively  in  order  that  proper  account  may  be  taken 
of  the  influence  of  secondary  resistance  on  the  comparison. 

Gildemeister's  work  shows  that  if  two  dissimilar  inductoria  are 

^  Martin:   This  journal,  1908,  xxii,  p.  120. 
2  Martin:  Loc.  cit.,  p.  127. 

'  Gildemeister:  Archiv  fiir  die  gesammte  Physiologic,  1910,  cxxxi,  p.  604.. 
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compared   quantitatively,    by   the   method   outlined   in    this   series 

of  papers,  in  which  the  expression  for  the  value  of  a  stimulus  is 

M 
Z  =  —  X  /,^  it  will  be  found  that  although  equal  stimuli  may  yield 

corresponding  values  of  Z  from  the  two  inductoria  with  certain  sec- 
ondary resistances,  when  other  secondary  resistances  are  used  equal 
stimuli  will  not  give  corresponding  values  of  Z. 

In  a  recent  paper  of  this  series,^  the  influence  of  secondary  resist- 
ance on  stimulating  effectiveness  was  studied  with  reference  to  a 
single  inductorium.  In  that  paper  it  was  shown  that  the  actual  or 
specific  stimulus  may  be  computed  from  the  observed  stimulus  by 

Z  A 

the  equation  ^  =  .,  ^  being  the  specific  value  of  the  stimulus, 

Z  its  observed  value,  R  the  secondary  resistance,  and  A  a  constant 
depending  on  the  kathode  surface. 

In  the  same  paper  (p.  231)  a  method  of  determining  the  value  of  A 
experimentally  was  described,  the  expression  for  A  being 

_ZrR'  —  Zr.R 

Zr-   —  Zr 

in  which  Z^  and  Zr,  are  stimuli  which  with  resistances  R  and  R'  re- 
spectively have  equal  physiological  effect.  Since,  as  stated  above, 
dissimilar  inductoria  fail  to  give  corresponding  values  of  Z  at  all 
secondary  resistances,  it  is  clear  that  the  value  of  A  determined  by 
this  formula  from  one  inductorium  will  not  necessarily  agree  with 
its  value  as  obtained  from  another.  The  value  of  A,  therefore,  does 
not  depend  solely  upon  the  surface  of  the  physiological  kathodes  as 
assumed  previously,^  but  in  part  also  upon  the  construction  of  the 
inductorium. 

This  variation  in  the  values  of  A  determined  from  dissimilar  in- 
ductoria, which  might  lead  one  to  question  the  vahdity  of  the  equa- 

Z  A 

tion  in  which  A  is  employed,  i.  e.,  ^  =  p  . '  serves  in  fact  to  con- 
firm strongly  the  validity  of  that  equation  and  the  use  of  the  expression 

*  For  the  significance  of  the  factors  making  up  this  expression,  see  This  journal, 
1908,  xxii,  p.  119. 

*  Martin:  This  journal,  1910,  xxvii,  p.  226. 

*  Martin:  Loc.  cit.,  p.  230. 
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yS  to  signify  the  specific  value  of  the  stimulus.  This  confirmation  rests 
upon  the  repeated  observation  that  when  equal  stimuli  are  generated 
by  dissimilar  inductoria  the  values  of  /3  are  equal,  even  though  the  ob- 
served values  of  Z  and  the  computed  values  of  A  may  be  quite  diver- 
gent. An  experiment  illustrating  this  point  is  summarized  in  Table  I. 
Details  of  the  construction  of  the  inductoria  used  are  given  in  Table  11. 

TABLE  I. 

Demonstrating  that  Equal  Stimuli  gi\^  Equal  Values  of  /3  in  the   Equation 
3  =  ,  WHEN  THE  Stimuli  are  generated  by  Dissimilar  Inductoria. 


Inductorium. 

H. 

N. 

B. 

First  sec.  resistance  . 

8850  ohms 

9000  ohms 

9800  ohms 

First  Z 

0.76 

0.604 

0.588 

Second  sec.  resistance 

25,500  ohms 

25,600  ohms 

26,400  ohms 

Second  Z 

1.60 

1.18 

1.06 

Calculated  A      ... 

6200 

8700 

10,400 

Calculated  ^     .   .   . 

0.31 

0.30 

0.30 

The  differences  in  secondary  resist 
are  due  to  the  different  resistances  0 
necessary    to   include   these  resistan 
circuit. 

ance  in  corresponding  columns 
f  the  secondary  coils,  it  being 
ces  as  part  of    the  secondary 

The  observation  just  cited  shows  that  even  dissimilar  inductoria 
give  for  equal  stimuH  perfectly  concordant  values  if  all  the  factors 
which  make  up  the  final  expression  for  stimulation  strength  are 
taken  into  account.  In  a  preceding  paper/  however,  I  have  acknowl- 
edged the  great  technical  difiiculties  involved  in  including  all  the 
factors,  and  have  shown  that  in  many  sorts  of  experimental  work  it 
is  by  no  means  necessary  to  take  into  account  the  factors  of  second- 
ary resistance  and  kathode  surface.  Since  it  has  been  shown  in  this 
paper  that  the  structure  of  the  inductorium  is  interwoven  with  these 
factors,  it  becomes  necessary  either  to  admit  that  they  must  always 
be  taken  into  account  or  to  work  out  a  method  whereby  it  shall  be 


7  Martin:  Loc.  cit.,  p.  232. 
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unnecessary  to  take  account  of  the  influence  of  inductorium  construc- 
tion upon  them.  Fortunately  a  simple  means  exists  for  accomplish- 
ing this  latter  result. 

It  will  be  remembered  that  it  is  by  the  use  of  dissimilar  inductoria 
that  the  interrelation  between  kathode  surface  and  inductorium  con- 
struction as  factors  modifying  stimulation  strength  has  been  shown. 
By  adopting  a  standard  of  inductorium  construction  and  using  for 
quantitative  purposes  only  instruments  conforming  reasonably  to 
the  standard  we  become  at  once  independent  of  inductorium  struc- 
ture as  a  complicating  factor,  and  are  free  to  measure  stimuH  in  the 
simpler  manner  previously  urged. 

The  desirability  of  having  a  standard  of  inductorium  construction 
for  physiological  and  clinical  use  was  recognized  fully  thirty  years 
ago.  In  an  attempt  to  establish  one  the  Paris  Electrical  Congress  of 
1881  resolved  at  its  session  of  September  28  that  the  form  of  induc- 
torium at  that  time  in  use  in  the  University  of  BerHn  should  be  adopted 
as  the  standard.^ 

The  dimensions  of  that  inductorium  are  as  follows: 

Primary.  Secondary. 

Length  of  coil 88  mm.  65  mm. 

Diameter  of  coil 36  mm,  68  mm. 

Diameter  of  wire i  mm.  0.25  mm. 

Number  turns  of  wdre 300  5000 

Number  layers  of  wire      4  28 

.Resistance 1.5  ohm.  300  ohms. 

Unfortunately  for  the  general  acceptance  of  these  dimensions  as 
standard,  Kronecker  ^  had,  ten  years  earlier,  proposed  his  well-known 
system  of  units,  based  on  determinations  made  with  inductoria  hav- 
ing coils  twice  as  long  as  the  Berlin  coil  and  each  with  twice  as  many 
turns  of  wire.  With  the  adoption  of  his  graduation  the  large  coils 
came  into  common  use.  By  general  consent  among  physiologists, 
therefore,  rather  than  by  any  official  action,  inductoria  having  coils 

8  See  Lewandowski:  Elektrodiagnostik  und  Elektrotherapie,  Wicn  und 
Leipzig,  1887,  p.  212;  also  Hoorweg:  Die  medicinische  Elektrotechnik  und 
ihre  physikalischcn  Grundlagen,  Leipzig,  1893,  p.  128. 

"  Kronecker:  Arbeiten  aus  der  physiologischen  Anstalt  zu  Leipzig,  187 1, 
p.  186. 
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about  13  cm.  long  and  having  about  10,000  turns  in  the  secondary  are 
recognized  as  suitable  for  the  uses  of  the  investigator.  In  most  well- 
equipped  laboratories  such  inductoria  are  found,  and  there  seems  no 
valid  reason  why  the  general  dimensions  originally  selected  by  Kro- 
necker for  his  graduation  should  not  be  taken  as  standard.  In  a  later 
paragraph  (p.  55)  observations  will  be  cited  which  show  that  for 
quantitative  work  coils  of  this  size  are  to  be  preferred  to  the  smaller 
ones  recommended  by  the  Paris  Congress. 

TABLE  II. 
Details  of  Construction  of  the  Inductoria  used  in  this  Study. 


Coil. 

Length  of 
secondary. 

Turns  in 
secondary. 

Resistance  of 
secondary. 

Remarks. 

A 

B 

G 

E 

H 

N 

cm. 

12.5 

13.0 

13.0 

6.5 

9.3 

9.3 

10,000 

10,350 

10,260 

5,000 

6,000 

8,000 

850 
1400 
770 
300 
450 
600 

{    Kronecker 
\     graduation 
]    Kronecker 
1     graduation 
J    Kronecker 
\    graduation 

Porter  inductorium 

Assuming  as  the  standard,  then,  an  inductorium  having  coils 
about  13  cm.  long  and  having  in  the  secondary  approximately  10,000 
turns  of  wire,  we  may  inquire  how  widely  it  is  possible  for  an  induc- 
torium to  vary  from  this  standard  without  introducing  a  significant 
error.  For  answering  this  question  I  have  made  observations  with 
six  inductoria,  three  of  which  are  of  "standard"  construction  and 
provided  with  Kronecker  graduations,  the  other  three  selected  so  as 
to  give  increasing  degrees  of  divergence  from  the  standard.  Details 
of  the  construction  of  the  six  inductoria  are  set  down  in  Table  II. 

The  results  of  my  numerous  experiments  with  these  inductoria 
may  be  summarized  as  follows:  The  three  standard  coils.  A,  B,  and 
G,  give  corresponding  values  of  Z  for  equal  stimuli  whatever  the 
secondary  resistance.  In  comparing  them,  therefore,  the  factor  of 
inductorium  construction  does  not  enter. 

In  thirteen  experiments  in  which  coil  N  was  compared  with  coil  B 
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the  secondary  resistances  ranged  between  2850  ohms  and  25,000 
ohms;  the  average  percentage  variation  of  Z^y  from  Zg  was  six  per 
cent;  ^°  the  greatest  variation  was  11. 6  per  cent.  Z^  was  greater 
than  Zb  four  times  and  Z5  greater  than  Zj^  nine  times.  The  small 
average  percentage  difference  between  the  two  coils,  a  difference 
only  slightly  greater  than  the  probable  experimental  error,  coupled 
with  the  fact  that  not  all  the  variations  are  in  the  same  direction, 
seems  to  me  to  show  that  in  coils  differing  no  more  than  these  the  in- 

TABLE  III. 

Illustrating  the  Increasing  Divergence  op  Ze  from  Zb  with  Increasing 

Secondary  Resistance. 


Resistance  in 
sec.  circuit. 

Zb. 

z^. 

Percentage 
variation  of 
Zs  from  Ze. 

900  ohms 

15.75 

16.05 

1.9 

1,600  ohms 

17.9 

19.8 

10.6 

2,700  ohms 

18.7 

26.8 

43.0 

8,600  ohms 

24.1 

46.0 

91.0 

20,600  ohms 

49.0 

135.0 

175.0 

fluence  of  inductorium  construction  as  a  special  factor  can  be  dis- 
regarded without  serious  error. 

An  important  effect  of  inductorium  construction  becomes  mani- 
fest when  coils  B  and  H  are  compared.  The  average  difference  be- 
tween Zs  and  Zjj  in  twelve  experiments  was  16  per  cent;  in  four 
of  the  twelve  cases,  moreover,  the  difference  exceeded  24  per  cent. 
Analyzing  the  series  of  experiments"  with  reference  to  the  secondary 
resistances,  one  finds  that  the  high  average  dift'erence  is  due  to  large 
differences  in  the  experiments  with  high  secondary  resistance.  Thus 
five  experiments  with  secondary  resistance  above  10,000  ohms  show 
an  average  difference  between  Zg  and  Zh  of  25.7  percent,  while  seven 
experiments  with  secondary  resistances  below  10,000  ohms  show  an 


^^  For  convenience  of  expression  a  subscript  is  placed  after  the  value  of  Z 
to  indicate  with  which  coil  die  value  was  obaincd. 
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average  difference  of  only  4.5  per  cent.  In  all  five  experiments  with 
high  secondary  resistance  Z^  was  greater  than  Z^.  In  the  seven  ex- 
periments with  low  resistance  Z^  was  larger  than  Z^  three  times, 
smaller  than  Z^  twice,  and  equal  to  it  twice. 

This  series  of  experiments  shows  that  in  inductoria  differing  even 
so  widely  as  do  coils  B  and  E,  inductorium  construction  is  unim- 
portant so  long  as  secondary  resistance  is  kept  low.  It  is,  however, 
of  great  importance  whenever  the  secondary  resistance  is  high. 

The  final  series  of  comparisons  was  between  coil  B  and  the  Porter 
inductorium,  coil  E.  This  yielded  results  of  the  same  sort  as  the 
preceding  comparison  but  more  marked.  Only  with  very  low  second- 
ary resistances  were  Zg  and  Zg  equal,  and  Z^  becomes  relatively 
more  and  more  in  excess  of  Z5  as  the  secondary  resistance  is  increased. 
Table  III  illustrates  this  relationship  very  clearly 

This  last  experiment  brings  out  very  clearly  the  objection  to  the 
standard  set  by  the  Paris  Congress  of  1881  (p.  52).  The  Porter  induc- 
toria conform  closely  to  that  standard  in  all  respects  save  that  of  di- 
ameter of  the  coils.  As  Table  III  shows  the  influence  of  secondary  re- 
sistance upon  stimulating  value  is  very  much  more  marked  in  the 
smaU  inductorium  than  in  the  larger  one,  so  that  while  there  are 
many  sorts  of  experiments  in  which  the  investigator  using  a  large  coil 
is  justified  in  disregarding  secondary  resistance,  to  do  so  would  nearly 
always  be  unsafe  if  a  small  coil  were  being  employed. 


Summary. 

The  conclusions  to  be  drawn  from  the  observations  published  in 
this  paper  are : 

1.  Determinations  of  the  specific  value  of  a  faradic  stimulus  can 
be  made  accurately  with  any  good  inductorium  of  the  sort  found  in 
physiological  laboratories. 

2.  In  making  such  determinations  it  is  observed  that  the  factor  A  in 

the  expression  for  the  specific  stimulus  /3  =     .        p  varies  with  difi'er- 

ences  in  inductorium  construction.  This  factor  is  not,  therefore,  as 
formerly  assumed,  dependent  solely  on  kathode  surface,  but  in  part 
as  well  on  the  construction  of  the  inductorium. 
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3.  The  necessity  for  taking  account  of  inductorium  construction  as 
a  function  of  A  can  be  avoided  by  selecting  for  quantitative  use  only 
inductoria  conforming  reasonably  to  a  chosen  standard;  it  is  sug- 
gested that  the  dimensions  selected  by  Kronecker  in  his  graduation 
be  taken  as  such  standard. 


ON   THE   PATHWAYS    FOR  THE  BULBAR   RESPIRATORY 
IMPULSES   IN  THE   SPINAL  CORD. 

By  J.  DEASON  and  L.  G.  ROBB. 

[From  the  Hull  Physiological  Laboratory,  University  of  Chicago.] 

'  I  ''HE  experiments  summarized  in  this  report  were  carried  out  at 
■*-     the  suggestion  of  Professor  Carlson  with  the  view  of  testing 
out  a  possible  explanation  of  the  Porter  experiment  on  the  spinal 
respiratory  pathways.^ 

On  repeating  the  well-known  Porter  experiment  with  a  group  of 
students  in  advanced  physiology  of  the  central  nervous  system, 
Professor  Carlson  found  that  after  hemisection  of  the  cervical  cord 
and  section  of  the  opposite  phrenic  nerve  in  young  kittens  the  respira- 
tory impulses  do  not  cross  the  median  Hne  in  the  cord  if  the  animal 
is  in  a  state  of  depression  at  the  time  of  section  of  the  phrenic.  In 
such  an  animal,  however,  dyspnoea  induces  crossing  of  the  impulses. 
Dyspnoea  also  leads  to  crossing  of  the  impulses  without  previous 
section  of  the  opposite  phrenic  nerve.  This  would  seem  to  show  that 
the  crossed  pathways  for  the  respiratory  impulses  are  normally  open, 
and  that  their  use  depends  upon  the  relative  intensity  of  the  impulses 
discharged  from  the  bulbar  centre. 

The  crossing  of  the  respiratory  impulses  in  the  Porter  experiment 
may  be:  LA  case  of  opening  up  of  new  reflex  paths.  The  chief  ob- 
jections to  this  explanation  are  that  the  crossing  takes  place  practi- 
cally instantaneously  on  section  of  the  opposite  phrenic;  and  that 
dyspnoea  induces  the  crossing,  without  the  section  of  the  opposite 
phrenic. 

II.  The  section  of  the  phrenic  may  raise  the  excitability  of  the 
phrenic  and  the  bulbar  respiratory  centres,  and  thus  increase  the 
intensity  of  the  respiratory  impulses.  In  this  case  the  Porter  experi- 
ment becomes  simply  a  special  case  of  the  spread  of  the  reflex  (or 

^  Porter:  Journal  of  physiology,  1895,  xvii,  p.  455. 
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automatic)  responses  pari  passu  with  the  increased  intensity  of  the 
stimulus  (or  the  nervous  impulses). 

The  second  hypothesis  demands  that  the  phrenic  nerves  contain 
afferent  fibres,  whose  stimulation  increases  the  intensity  of  the  res- 
piratory impulses;  and  that  the  crossing  should  be  induced  by  the 
stimulation  of  any  sensory  nerve  that  causes  an  increase  in  the  inten- 
sity of  the  bulbar  respiratory  discharges. 


Method. 

Kittens  and  dogs  were  used  in  these  experiments.  The  kittens  were 
chosen  because  of  the  rapidity  with  which  they  recover  from  shock. 
The  movements  of  the  diaphragm  were  observed  by  clipping  the  hair 
from  the  lower  part  of  the  thorax  and  abdomen,  and  noting  external 
movements;  by  making  an  incision  in  the  linea  alba  and  applying 
digital  palpation,  and  by  direct  observation  of  the  diaphragm,  both 
intact  and  divided  into  lateral  halves  by  an  incision  from  the  xiphoid 
process  to  the  spine. 

The  respiratory  tracings  were  taken  by  connecting  a  tambour  with 
the  side  arm  of  a  T  tube,  which  was  placed  between  the  ether  bottle 
and  the  trachial  cannula.  In  some  of  the  experiments  simultaneous 
blood  pressure  tracings  were  taken  from  the  carotid  artery. 

All  work  was  done  with  the  animal  under  complete  ether  anaes- 
thesia, care  being  taken  to  make  this  light  and  uniform. 


Results. 

Conjirmation  of  Porter^s  Experiment.  In  all  of  our  experiments  it 
was  found  that  after  hemisection  of  the  cord  in  the  upper  cervical 
region  (2d  or  3d  segments)  the  diaphragm  on  the  side  of  hemisection 
was  paralyzed,  and  provided  the  animals  were  in  good  condition, 
section  of  the  opposite  phrenic  nerve  immediately  started  the  respira- 
tory rhythm  in  the  diaphragm  on  the  side  of  the  hemisection,  followed 
by  a  permanent  paralysis  of  the  diaphragm  on  the  side  of  the  section 
nerve. 

Porter  assumes  that  "the  section  of  the  phrenic  nerve  interrupts 
the  ordinary  respiratory  pathway  on  the  same  side,  and  a  greater 
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portion,  perhaps  the  whole  descending  impulse  of  that  side  passes 
through  the  crossed  dendrites  to  the  phrenic  cells  of  the  opposite 
side."  Unless  the  passage  of  of  the  bulbar  respiratory  impulses  from 
their  spinal  conduction  paths  to  the  cells  of  origin  of  the  phrenic 
motor  fibres  depends  in  some  way  on  the  normal  impulses  of  afferent 
fibres  in  the  phrenic;  or  unless  the  mere  section  of  the  phrenic  motor 
fibres  by  antidromic  impulses  immediately  blocks  the  passage  from 
the  spinal  conduction  paths  to  the  phrenic  cells,  there  is  no  reason 
for  assuming  such  an  ''overflow"  of  the  impulses  to  the  opposite  side. 
The  crossing  of  the  bulbar  respiratory  impulses  at  the  level  of  the  phrenic 
nuclei  after  hemisection  of  the  spinal  cord  can  be  induced  by  traction 
on  the  phrenic  nerve  of  the  intact  side  of  the  cord.  The  traction  need  not 
be  great  enough  to  block  the  impulses  in  the  nerve.  In  fact,  if  it  is 
properly  adjusted,  a  uniform  respiratory  rhythm  is  induced  in  both 
sides  of  the  diaphragm.  Two  typical  protocols  are  submitted  for 
illustration. 

Experiment  jj.  —  Young  cat  in  good  condition.     Ether. 

10.15  A.M.     Animal  anaesthetized. 

10.26  A.M.      Diaphragm  exposed. 

10.35  A.M.     Left  phrenic  isolated. 

10.43  A.M.  Diaphragm  divided  from  xiphoid  process  to  spine,  and 
artificial  respiration  started,  both  sides  of  diaphragm  contracting 
evenly. 

10.58  A.M.  Cord  hemisected  in  2d  cervical  segment,  right  side. 
Very  Httle  hemorrhage.     Right  half  of  diaphragm  paralyzed. 

11.04  A.M.    Left  phrenic  stretched  until  right  diaphragm  contracted. 

11.05  A.M.  Both  sides  of  diaphragm  contracting  evenly.  Inspected 
at  intervals  of  from  three  to  five  minutes  until  11.51. 

11.51  A.M.  Both  sides  of  diaphragm  contracting  evenly.  Animal 
killed.     Post-mortem  showed  complete  hemisection  of  the  spinal  cord. 

Experiment  j8. —  Adult  cat.    Ether. 

4.20  P.M.      Abdomen  opened.     Diaphragm  exposed. 

4.26  P.M.      Cervical  cord  exposed. 

4.28  P.M.  Left  hemisection.  Left  side  of  diaphragm  paralyzed. 
No  hemorrhage. 

4.36  P.M.  Artificial  respiration  started  and  diaphragm  sectioned 
from  ensiform  process  to  spine. 

4.41  P.M.  Right  phrenic  isolated  just  above  diaphragm.  Trauma 
of  isolation  caused  crossing  of  impulse.     Diaphragm  examined  at 
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intervals  of  three  to  five  minutes  and  both  sides  were  contracting 
equally  at  5.40, 

5.41  P.M.      Animal  killed. 

Post-mortem  showed  complete  hemisection  of  the  spinal  cord. 

Stimulation  of  the  central  end  of  the  sectioned  phrenic  nerve  causes  an 
increase  in  both  rate  and  amplitude  of  the  respiratory  movements,  pre- 


FlGUHE  1.  —  One  half  the  original  size.  Cat.  Hemisection  of  the  spinal  cord  in  third 
cervical  segment.  Tracing  of  the  respiratory  movements  via  the  tracheal  cannula. 
A'  =  ligation  of  the  phrenic  nerve  on  the  opposite  side  of  the  hemisection.  Incre3.sed 
activity  of  the  respiratory  centre. 

ceded  in  some  cases  by  a  slight  inhibition  or  irregularity.  The  effects 
on  the  blood  pressure  are  similar  to  those  following  the  stimulation 
of  the  central  end  of  any  sensory  nerve.  Mechanical  stimuli,  i,  e., 
ligation  and  pressure  on  the  phrenic  nerves,  give  the  same  results 
as  electrical  stimulation. 

Topical  tracings  illustrating  this  phenomenon  are  reproduced  in 
Figs.  1-5.    Weak  stimuli  tend  to  augment  the  intensity  of  the  res- 


FiGURE  2.  —  One  half  the  original  size.  Cat.  Tracing  of  respiratorj'  movements  via 
the  tracheal  cannula.  A'  =  section  of  the  left  phrenic  nerve  after  previous  hemi- 
section of  the  right  side  of  the  spinal  cord  between  the  second  and  third  cervical 
vertebras.    Increased  activity  of  the  respiratory  centre. 


piratory  discharges,  while  strong  stimuli  augment  both  the  rate  and 
intensity  of  the  impulses.  The  effects  may  persist  for  two  to  ten  min- 
utes after  the  cessation  of  the  stimulation.  The  fact  that  the  afferent 
phrenic  fibres  are  strongly  stimulated  by  the  mere  sectioning  of  the 
phrenic  seems  to  show  that  this  is  a  factor  in  the  immediate  crossing 
of  the  respiratory  impulses  in  the  Porter  experiment.     But,  as  the 
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Figure  3.  —  Four  fifths  the  original  size.  Cat.  Tracing  on  stimulation  of  the  central 
end  of  the  left  phrenic  nerve,  right  phrenic  nerve  intact.  Increased  activity  of  the 
respiratory  centre. 
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FiGLTvE  4.  —  Two  fifths  the  original  size.  Cat.  Tracings  of  the  carotid  pressure  and 
the  respiratory  movements.  Both  phrenic  nerves  sectioned.  Stimulation  of  cen- 
tral end  of  left  phrenic  nerve.    Increased  activity  of  the  respiratory  centre. 


Figure  5.  —  Eight  ninths  the  original  size.  Cat.  Respiratory  tracing  via  the  tracheal 
cannula.  X  —  light  traction  on  central  end  of  the  left  phrenic  nerve.  Increased 
activity  of  the  respiratory  centre. 
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crossing  persists,  according  to  Porter's  observations,  after  such  stim- 
ulation of  the  afferent  fibres  due  to  the  section  of  the  nerve  has  pre- 
sumably ceased,  other  factors  must  also  be  involved,  possibly  an 
increased  excitabihty  in  the  phrenic  nuclei,  due  to  injury  currents 
and  products  of  degeneration. 

Stimulation  of  the  sciatic  nerve  induces  crossing  of  the  respiratory 
impulses  and  an  equal  contraction  of  each  lateral  half  of  the  diaphragm, 
which  may  continue  for  ten  minutes  after  the  cessation  of  the  stimulation. 

One  typical  experiment  may  be  cited  for  illustration. 

Experiment  26. —  Kitten.     Ether. 

3.50  P.M.      Cervical  cord  exposed. 

3.54  P.M.      Abdomen  opened. 

3.56  P.M.  Diaphragm  sectioned  from  xiphoid  process  to  spine. 
Artificial  respiration  started. 

4.05  P.M.  Cervical  cord  hemisected,  right  side;  right  half  of 
diaphragm    paralyzed. 

4.15  P.M.  Electrical  stimulation,  central  end  of  right  sciatic.  Both 
sides  of  diaphragm  contracting  equally  and  synchronously. 

4.25  P.M.      Right  half  of  diaphragm  ceased  contracting. 

4.29  P.M.  Electrical  stimulation  central  end  of  right  sciatic.  Res- 
piratory rhythm  of  entire  diaphragm. 

4.31  P.M.      Right  side  of  diaphragm  ceased  contracting. 

4.34  P.M.  Electrical  stimulus  central  end  of  right  sciatic.  Both 
sides  of  diaphragm  contracting. 

4.36  P.M.      Right  side  of  diaphragm  ceased  contracting. 

4.40  P.M.  Artificial  respiration  stopped  for  twelve  seconds.  Right 
side  of  diaphragm  contracting. 

4.40.12  P.M.    Artificial  respiration  started. 

4.40.27  P.M.      Right  diaphragm  ceased  contracting. 

4.44  P.M.  Left  phrenic  sectioned.  Left  side  of  diaphragm  para- 
lyzed.    Right  diaphragm  contracting. 

4.50  P.M.     Animal  killed. 

Summary  and  Conclusions. 

I.  The  phrenic  nerves  contain  afferent  fibres,  the  stimulation  of 
which  augments  the  intensity  and  the  rate  of  the  bulbar  respiratory 
impulses.  The  effects  of  stimulation  of  these  fibres  on  the  respiratory 
centre  outlasts  for  varying  lengths  of  time  the  period  of  stimulation. 
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2.  After  hemisection  of  the  spinal  cord  between  the  medulla  and  the 
phrenic  nuclei  and  consequent  paralysis  of  the  diaphragm  on  the 
hemisected  side,  the  bulbar  respiratory  impulses  will  cross  from  the 
intact  to  the  hemisected  side  of  the  spinal  cord  on  stimulation  of 
the  sciatic  nerve;  on  traction  or  mechanical  stimulation  of  the  phrenic 
nerve  on  the  intact  side  of  the  cord;  in  dyspnoea;  as  well  as  on  sec- 
tion of  the  phrenic  nerve  on  the  intact  side.  These  various  conditions 
induce  increased  intensity  of  the  bulbar  respiratory  impulses.  The 
immediate  crossing  of  the  bulbar  respiratory  impulses  on  section  of  the 
phrenic  nerve  after  previous  hemisection  of  the  opposite  side  of  the 
cervical  cord  seems  therefore  to  be  a  case  of  the  spread  of  reflex  (or 
automatic)  responses  pari  passu  with  the  increased  intensity  of  the 
nervous  impulses.  But  since  in  the  Porter  experiment  the  crossing 
of  the  impulses  appears  to  be  permanent,  additional  factors  are  prob- 
ably involved. 


EMOTIONAL  STIMULATION  OF  ADRENAL 

SECRETION. 

By  W.  B.  cannon  and  D.  de  la  PAZ.'' 

[From  the  Laboratory  of  Physiology  in  the  Harvard  Medical  School.] 

TN  1 89 1  Jacobi  described  nerves  branching  from  the  splanchnics 
^  and  supplying  the  adrenal  glands.^  Six  years  later  Biedl  found  that 
these  nerves  conveyed  vaso-dilator  impulses  to  the  glands,  and  sug- 
gested that  they  probably  conveyed  also  secretory  impulses.^  Evi- 
dence for  this  suggestion  was  presented  the  following  year  by  Dreyer, 
who  demonstrated  that  electrical  stimulation  of  the  splanchnics  below 
the  diaphragm  produced  in  the  adrenal  blood  an  increased  amount 
of  substance  raising  arterial  blood  pressure  and  that  this  result  was  in- 
dependent of  accompanying  vascular  changes  in  the  glands.^  The 
work  of  Dreyer  has  been  confirmed  by  Tscheboksarofl  ^  and  by  Asher.^ 
The  conclusion  is  justified,  therefore,  that  adrenal  secretion  is  under 
control  of  the  thoracico-lumbar  autonomic  (sympathetic)  system. 

The  phenomena  of  a  major  emotional  exhibition  in  an  animal 
indicate  the  dominance  of  sympathetic  impulses.  When,  for  example, 
a  cat  becomes  frightened,  the  pupils  dilate,  the  stomach  and  intestines 
are  inhibited,  the  heart  beats  rapidly,  the  hairs  of  the  back  and  tail 
stand  erect  —  all  signs  of  nervous  discharges  along  s}Tnpathetic  paths. 
Do  not  the  adrenal  glands  share  in  this  widespread  subjugation  of 
the  viscera  to  sympathetic  control? 

In  order  to  test  this  suggestion  the  natural  enmity  between  two 
laboratory  animals,  dog  and  cat,  was  utiHzed.  The  cat,  fastened 
to  a  comfortable  holder,  was  placed  near  a  barking  dog.    Some  cats 

^  Jacobi:  Archiv  fur  experimentelle  Pathologic  und  Pharmakologie,  1891, 
xxix,  p.  185. 

2  Biedl:   Archiv  fur  die  gesammte  Physiologic,  1897,  Ixvii,  pp.  456,  481. 

3  Dreyer:  This  journal,  189S-1899,  ii,  p.  219. 

*  Tscheboksaroff:  Archiv  fiir  die  gesammte  Physiologic,  1910,  cxxxvii,  p.  103. 
'  Asher:  Zentralblatt  fur  Physiologic,  1910,  xxiv,  p.  927. 
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showed  almost  no  signs  of  fear;  others,  with  scarcely  a  movement 
of  defence,  made  the  typical  picture  of  fright.  In  favorable  cases 
the  excitement  was  continued  for  five  or  ten  minutes,  and,  in  a  few 
instances,  longer.  Samples  of  blood  were  taken  within  a  few  minutes 
before  and  after  the  period. 

In  the  first  experiments  the  blood  was  obtained  by  cardiac  puncture. 
An  attempt  was  made  to  test  for  the  presence  of  adrenal  secretion 
by  the  frog-eye  method  suggested  by  Meltzer  ^  and  Ehrmann.^  The 
changes  in  size  of  the  pupil,  which  were  recorded  by  means  of  a 
camera  lucida,  did  not  give  sufficiently  striking  results  to  permit 
drawing  conclusions.  Strips  of  beef  artery,  employed  by  Meyer,^ 
though  highly  sensitive,  did  not  seem  serviceable  because  of  Schlayer's 
discovery  that  the  method  is  less  efficient  when  used  with  foreign 
blood.®  Structures  natural  to  the  blood  to  be  tested  were  the  uterus 
and  strips  of  longitudinal  muscle  from  the  cat's  intestine.  Magnus 
showed,  in  1905,^°  that  longitudinal  intestinal  muscle,  contract- 
ing rhythmically,  is  characteristically  inhibited  by  suprarenin, 
1 :  20,000,000.  Though  this  reaction  has  not  hitherto  been  utilized  as 
a  biological  signal  for  adrenal  secretion,  it  possesses  noteworthy  ad- 
vantages over  the  other  methods.  The  strip  is  found  in  all  animals, 
and  not  in  only  half  of  them,  as  is  the  uterus;  it  is  ready  for  the 
test  within  a  few  minutes,  instead  of  the  several  hours  said  to  be 
required  for  the  best  use  of  the  uterus*  method;  ^^  it  need  not  be 
stretched  in  order  to  be  ready  to  contract,  as  with  the  arterial  strip; 
and  it  responds  by  relaxing.  The  last  characteristic  is  especially  im- 
portant, since  other  substances  in  blood  than  adrenal  secretion,  as, 
for  example,  carbon  dioxide,  will  cause  smooth  muscle  to  contract, 
whereas  known  substances  evoking  relaxation  of  smooth  muscle  are 
few  and  unusual  in  blood. ^^ 

^  Meltzer  and  C.  M.  Auer:  This  journal,  1904,  xi,  p.  449. 

^  EmiMANN:  Archiv  fur  experimentelle  Pathologic  und  Pharmakologie,  1905, 
liii,  p.  97. 

^  Meyer:   Zeitschrift  fiir  Biologie,  1906,  xlviii,  p.  352. 

*  Schlayer:   Deutsche  medizinische  Wochenschrift,  1907,  xxxiii,  p.  1898. 

^o  Magnus:   Archiv  fiir  die  gesammte  Physiologic,  1905,  cviii,  p.  48. 
"  Fraenkel:     Archiv   fiir    experimentelle    Pathologic    und    Pharmakologie, 
1909,  Ix,  p.  399. 

12  Grijtzner:   Ergebnisse  der  Physiologic,   1904,  iii^,  p.  66;   Magnus:   Loc. 
cit.,  p.  69. 
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The  strip  of  longitudinal  intestinal  muscle,  attached  to  a  writing 
lever,  was  suspended  between  serves  fines  in  a  cylindrical  chamber, 
8  mm.  in  diameter  and  5  cm.  deep,  through  which  oxygen  passed. 
When  not  exposed  to  blood,  the  strip  was  immersed  in  Ringer's  solution 
at  body  temperature.  The  chamber,  the  stock  of  Ringer's  solution, 
and  the  blood  samples  were  all  surrounded  by  a  large  volume  of  water 
kept  at  approximately  37°  C. 

Although  blood  obtained  by  cardiac  puncture  gave  in  some  cases 
characteristic  results  by  this  method,  blood  from  the  inferior  vena 
cava  was  so  much  more  regular  and  differential  in  its  effects  that  it 
alone  was  finally  used.  To  obtain  blood  from  the  inferior  cava  above 
the  opening  of  the  adrenal  vessels,  the  skin  over  the  femoral  in  the 
groin  was  made  anaesthetic  with  ethyl  chloride;  the  vein  was  bared, 
cleaned,  tied,  and  opened;  and  a  small  flexible  catheter  (2.4  mm. 
diameter),  coated  with  vaseline  inside  and  out,  was  introduced 
through  the  iliac  into  the  cava  to  near  the  level  of  the  sternal  notch. 
A  ligature  around  the  catheter  at  the  point  where  it  disappeared  into 
the  vessel  permitted  later  reintroduction  to  the  same  extent.  Since 
there  was  no  sign  of  sensation  when  the  catheter  was  slipped  into  the 
vein,  it  was  possible  to  obtain  "quiet  blood,"  with  only  local  an- 
aesthesia. As  soon  as  the  blood  (3  or  4  c.c.)  was  drawn,  the  catheter 
was  removed  and  the  vein  tied.  The  blood  was  immediately  defib- 
rinated.  After  the  animal  had  been  frightened,  the  procedure  was 
repeated,  and  thus  the  "excited  blood"  was  secured.  The  two  sam- 
ples of  blood,  both  treated  in  the  same  manner,  and  both  kept  at  the 
same  temperature  as  the  contracting  strip,  were  now  tested. 

The  first  effect  of  adding  blood,  whether  quiet  or  excited,  to  the 
muscle  strip  was  to  send  it  into  a  strong  contraction  which  might  per- 
sist, sometimes  with  slight  oscillations,  for  a  minute  or  two  (see  Figs. 
2  and  3).  This  contraction  was  not  due  to  carbon  dioxide,  for  removal 
of  the  blood  gases  and  later  restoration  of  oxygen  did  not  alter  the 
effect.  Blood  serum  from  centrifugatcd  clot,  and  blood  kept  fluid 
by  hirudin,  produced  equally  the  initial  shortening. 

After  the  initial  shortening  the  strip,  if  in  quiet  blood,  soon  began 
to  contract  rhythmically  and  at  the  same  time  to  lengthen  more  with 
each  relaxation,  until  a  fairly  even  base  line  appeared  in  the  written 
record.  At  this  stage  the  addition  of  fresh  quiet  blood  usually  had 
no  effect,  even  though  the  strip  were  washed  once  with  Ringer's 
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solution  before  the  second  portion  of  the  blood  was  added.  In  com- 
paring the  effects  of  quiet  and  excited  blood  on  the  contracting  strip, 
the  two  samples  were  each  added  to  the  strip  immediately  after  re- 
moving the  Ringer's  solution,  or 
they  were  appHed  to  the  strip  alter- 
nately, and  the  differences  in  effect 
then  noted. 

That  blood  from  the  adrenal 
veins  causes  the  relaxation  of  intes- 
tinal muscle  characteristic  of  adre- 
nal extract  is  shown  in  Fig.  i .  The 
strip  was  originally  beating  in  blood 
which  contained  no  demonstrable 
amount  of  adrenal  secretion;  that 
blood  was  replaced  by  blood  from 
the  adrenal  veins,  obtained  after 
quick  etherization.    Relaxation  oc- 


a    b  c  d  e 

Figure  1.  —  Two  fifths  the  original  size. 
Intestinal  strip  beating  in  inactive  blood 
which  was  remov-ed  at  a.  Blood  from 
adrenal  veins  substituted  at  b,  and  re- 
moved at  c.  Contractions  restored  in 
inactive  blood,  removed  at  d;  then  blood 
from  renal  vein  (same  animal)    added  at 

e.    In  this  and  in  the  other  tracings  time 

is  recorded  in  half  minutes. 


curred  almost  immediately.   Then 

the    beats   were    renewed    in    the 

former  blood,  and  thereupon  the 

strip  was  immersed  in  blood  from 

the  left  renal  vein,  obtained  from  the  same  animal  and  under  the 

same  conditions  with  the  adrenal  blood.     No  relaxation  occurred. 

This  and  other  similar  tests  proved  the  rehabihty  of  the  method. 


a  b  c       d  e       f 

Figure  2.  —  About  two  fifths  the  original  size.  Alternate  application  of  excited  blood 
(at  h  and/)  and  quiet  blood  (at  d),  from  the  same  animal,  to  an  intestinal  strip  ini- 
tially beating  in  Ringer's  solution.    See  text  for  further  description. 

In  no  instance  did  blood  from  the  quiet  normal  animal  produce 
relaxation.  On  the  other  hand,  blood  from  the  animal  after  the  emo- 
tional disturbance  showed  more  or  less  promptly  the  typical  relax- 
ation.   In  Fig.  2  is  presented  the  record  of  a  strip  which  at  first  was 
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beating  regularly  in  Ringer's  solution.    At  a  the  Ringer's  solution  was 
removed  and  at  h  excited  blood  was  added;  after  a  preliminary  sliort- 


FiGURE  3.  —  About  two  thirds  the  original  size.  The  effect  of  prolongation  of  excite- 
ment. A,  the  record  in  quiet  serum;  B,  in  defibrinated  blood  after  eleven  minutes, 
of  excitement,  and  C,  in  serum  after  fifteen  minutes  of  excitement. 


ening  the  strip  lengthened  gradually  into  an  inhibition.  At  c  the 
excited  blood  was  removed,  and  at  d  quiet  blood  was  added  in  its  place. 
The  strip  at  once  began  fairly  regular  rhythmic  beats.    At  e  the  quiet 

blood  was  removed,  and  at  /  the 
excited  blood  again  applied.  The 
strip  lengthened  almost  immedi- 
ately into  an  inhibited  state.  In 
this  instance  the  animal  was  excited 
about  fifteen  minutes. 

The  increase  of  effect  with  pro- 
longation of  the  emotional  period 
is  shown  in  Fig.  3.  yl  is  the  record 
in  quiet  serum;  B,  the  record  in  de- 
fibrinated blood  after  eleven  min- 
utes of  excitement;  and  C,  the  rec- 
ord in  serum  after  fifteen  minutes 
of  excitement.  In  other  instances 
the  effect  was  manifested  merely  by 
a  lowering  of  the  tonus  of  the  strip 
and  a  notable  slowing  of  the  beats, 
without,  however,  a  total  cessation. 
The  view  that  the  effects  of  ex- 
cited blood  are  due  to  an  increased 
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Figure  4.  —  One  third  the  original  size. 
The  failure  of  blood  to  produce  inhibi- 
tion when  excitement  has  occurred 
after  removal  of  the  adrenal  glands. 
At  a,  blood  added  from  inferior  cava 
of  excited  animal  previously  deprived 
of  adrenal  glands.  The  strip  later 
proved  sensitive  to  adrenalin  in  blood 
in  the  ratio  1  :  1,000,000. 
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content  of  adrenal  secretion  is  justified  for  several  reasons,     (i)  The 
effect  has  been  obtained  in  blood  from  the  inferior  vena  cava  near  the 


a  b 


a   b 


A  B  C 

FiGTiRE  5.  —  About  one  half  the  original  size.  Effect  of  adding  adrenalin  1  :  1,000,000 
(^),  1  :  2,000,000  (B),  and  1  :  3,000,000  (C),  to  formerly  inactive  blood.  In  each 
case  a  marks  the  moment  when  the  quiet  blood  was  removed,  and  b,  the  time  when 
the  blood  with  adrenalin  was  added. 


liver,  when  blood  from  the  femoral  vein,  taken  at  the  same  time,  pro- 
duced no  inhibition.  Since  the  femoral  blood  typifies  the  cava  blood 
below  the  kidneys,  the  conclusion 
is  warranted  that  the  effect  is  not 
produced  below  the  entrance  of  the 
kidney  veins.  That  blood  from  the 
kidney  veins  does  not  cause  the  re- 
laxation is  shown  in  Fig.  i.  (2)  If 
the  blood  vessels  of  the  adrenal 
glands  are  first  carefully  tied  and 
the  glands    then    removed,    excite-  Figure  6. —  One  third  the  original  size. 


The  effect  of  bubbling  oxygen  through  ac- 
tive blood.  A,  relaxation  after  active 
blood  applied  at  a;  B,  failure  of  relaxation 
when  the  same  blood,  oxygenated  three 
hours,  was  applied  to  a  fresh  strip  at  b. 


ment  four  or  five  hours  later  does 
not  alter  the  blood  so  that  the  typical 
effect  occurs  (see  Fig.  4),  although 
the  animal  shows  all  the  charac- 
teristic indications  of  sympathetic 

stimulation.  (3)  Varying  amounts  of  adrenalin  added  to  blood  which 
has  not  produced  relaxation  of  the  strip,  evoke  all  the  degrees  of  re- 
laxation that  have  been  observed  in  excited  blood;  Fig.  5  shows  the 
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effect  of  adding  adrenalin,  i  :  1,000,000  {A),  i  :  2,000,000  {B),  and 
I  :  3,000,000  (C),  to  previously  inactive  blood.  (4)  Excited  blood 
which  produces  inhibition  loses  that  power  on  standing  in  the  cold 
for  twenty-four  hours  or  on  being  kept  warm  and  agitated  with  bub- 
bling oxygen  for  only  two  or  three  hours.  This  last  effect  is  illustrated 
in  Fig.  6;  the  power  to  inhibit  possessed  when  record  A  was  written 
was  lost  in  three  hours  in  the  presence  of  bubbling  oxygen.  Embden 
and  V.  Fiirth  have  reported  that  o.i  gm.  of  suprarenin  chloride  dis- 
appears almost  completely  in  two  hours  if  added  to  200  c.c.  of  de- 
fibrinated  beef  blood,  and  the  mixture  constantly  aerated  at  body 
temperature.^^  All  these  considerations,  taken  with  the  evidence 
that  sympathetic  impulses  increase  the  secretion  of  the  adrenal  glands, 
and  that  during  such  emotional  excitement  as  was  employed  in  these 
experiments,  signs  of  sympathetic  discharges  were  observable  from  the 
eye  of  the  animal  to  the  tip  of  its  tail,  prove  that  the  characteristic 
effect  of  adrenal  extract  on  the  intestinal  strips  was  due  to  secretion 
of  the  adrenal  glands. 

After  excitement  lasting  ten  minutes  or  more  the  effect  was  demon- 
strable not  only  in  heart  blood  but  also  in  blood  from  the  femoral 
vein.  As  is  well  known,  adrenal  secretion  itself  is  capable  of  working 
the  effects  evoked  by  sympathetic  stimulation.  ElHott  reported  that 
injected  adrenalin  discharges  the  adrenal  glands  so  that  the  medul- 
lary cells  stain  less  deeply  with  chromate  salts,  and  yield  no  active 
extract.^*  It  is  conceivable,  therefore,  that  some  of  the  adrenal  secre- 
tion set  free  by  nervqus  stimulation  returns  to  the  glands  in  the  blood 
stream,  and;  within  limits,  stimulates  them  to  further  activity.  Thus 
the  more  marked  effect  as  time  passes  (see  Fig.  3)  may  be  due  not 
only  to  further  excitement,  but  in  part  to  an  autogenous  continuance 
of  adrenal  secretion.  Thus  also  the  persistence  pf  the  emotional  state 
after  the  exciting  object  has  disappeared  can  be  explained.  Indeed 
it  was  the  lasting  effect  of  excitement  on  digestive  processes  which 
suggested  this  investigation. 

"  Embden  and  v.  Furth:  Hofmeister's  Beitrage  zur  chemischen  Physiologic 
und  Pathologic,  1904,  iv,  p.  423. 

"  Elliott:   Journal  of  physiology,  1905,  xxxii,  p.  427. 


PROTEIN  METABOLISM   IN  PHLORIZIN  DIABETES. 

By  C.   G.  L.  wolf  and  EMIL  OSTERBERG. 

[Fro7n  the  Department  of  Chemistry,  Cornell  University  Medical  College,  New  York  City.] 

'  I  ''HE  relation  of  kreatin  to  kreatinin  in  protein  metabolism  has  not 

-*■  as  yet  been  satisfactorily  explained,  and  late  observations  on 
the  excretion  of  these  substances  by  a  number  of  investigators  seem 
to  point  to  a  closer  relationship  than  was  at  first  suggested  by  Folin. 

On  the  other  hand,  the  appearance  of  kreatin  in  the  urine  in  cases 
of  eclampsia/  t^^hoid  fever,^  and  pneumonia  ^  which  has  been  pointed 
out  by  one  of  us  with  the  workers  in  this  laboratory  indicates  that 
kreatin  has  a  significance  quite  apart  from  kreatinin  in  showii  ^  un- 
usual disturbances  of  metabolism. 

That  the  appearance  of  kreatin  in  the  urine  is  not  always  asso- 
ciated with  loss  of  protein  is  shown  most  clearly  by  the  experiments  of 
Schwarz,*  made  in  this  laboratory.  In  investigations  of  the  metabo- 
lism of  rachitic  children,  Schwarz  has  shown  that  the  urine  contains 
kreatin,  although  they  were  in  distinct  positive  nitrogen  balance  and 
were  increasing  in  weight. 

We  have  also  shown  that  carbohydrates  and  proteins  much  below 
the  amount  necessary  to  compensate  for  the  caloric  loss  of  an  animal 
are  able  to  prevent  the  appearance  of  kreatin  in  the  urine,  or  to  cause 
a  cessation  of  its  presence,  once  it  has  been  established  by  fasting.  A 
full  report  of  this  work  will  appear  elsewhere. 

In  a  recent  paper  Cathcart  and  Taylor  ^  have  investigated  the  re- 
lation between  the  nitrogen  loss  to  the  body  and  the  appearance  of 

^  EwiNG  and  Wolf:  American  journal  of  obstetrics,  1906,  cxxxi,  p.  751. 
2  EwiNG  and  Wolf:  Archives  of  internal  medicine,  1909,  iv,  p.  331. 
'  Wolf  and  Lambert:   Archives  of  internal  medicine,  1910,  v,  p.  406. 
■*  Schwarz:  Jahrbuch  ftir  Kinderheilkunde,  1910,  Ixxii,  p.  549. 
^  Cathc.\rt  and  Taylor:  Journal  of  physiology,  1910,  xli,  p.  276. 
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kreatin  in  the  urine.  They  used  for  this  purpose  the  method  of  ren- 
dering animals  glycosuric  with  phlorizin.  As  a  result  of  these  experi- 
ments, it  is  concluded  that  a  sufficient  amount  of  carbohydrate  in  the 


TABLE  I. 


Day. 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


Treatment  of  dog. 


Food  =  4.5  gm.  N.  —  55  calor.  pr. 

kilo. 
Food  =  4.5  gm.  N.  —  55  calor.  pr. 

kilo. 
Food  =  4.5  gm.  N.  —  55  calor.  pr. 

kilo. 

No  food 
No  food 
No  food 
No  food 

No  food 

Eats  85  gm.  olive  oil  =  100  calor. 
pr.  kilo. 

No  food 

No  food 

Eats  83  gm.  olive  oil  —  6  gm. 
phlorizin  injected 
•  No  food      —  6  gm.  phlorizin 
injected 
No  food      6  gm.  phlorizin 

injected 
No  food      6  gm.  phlorizin 

injected 
5  gm.  glutaric  acid  and  6  gm. 
phlorizin  injected 


\Vt.  of 

dog. 

8580  gm. 

gain  =  -\- 

loss  =  — 


+     20 

-  20 
+    20 

-  220 

-  200 

-  200 

-  180 

-  80 

-  120 

-  80 

-  80 

-  140 

-  400 

-  380 

-  140 

-  360 


Urine 

volume, 
c.c. 


Spec.  gr. 


110 

1038 

120 

1037 

160 

1030 

55 

lOJfO 

64 

lOU 
54 

lOJfS 
50 

lOJfi 
47 

lOU 

50 

1053 

55 

1039 

37 

1056 

280 
1060 

500 
1055 

545 
1053 

440 
1065 

700 
1033 


Total 
gm. 


4.479 

4.530 

4.895 

2.425 

2.374 

2.242 

2.303 

2.390 

2.341 

2.451 

2.294 

7.290 

10.900 

11.830 

12.200 

8.282 


Nitrogen 


Ammon. 
gm. 


cy 


7o  T-N. 


0.147 

3.29 

0.176 

3.88 

0.185 

3.79 

0.072 

2.96 

0.077 

3.25 

0.077 

3.45 

0.094 

4.O8 

0.114 

4.7^ 

0.121 

5.19 

0.135 

5.54 

0.096 

4.19 

0.428 

5.88 

0.814 

7.64 

0.830 

7.02 

0.725 

5.94 

0.458 

5.53 


food  will  prevent  the  appearance  of  kreatin  in  the  urine,  and  tliat  its 
presence  there  is  conditioned  by  nitrogen  loss  to  the  body.  They  also 
say  that  there  is  no  connection  between  acidosis  and  the  disturbance 
of  metabolism  leading  to  acidosis. 

The  glycosuria  produced  by  Cathcart  and  Taylor  was  not  intense, 
and  as  the  amount  of  carboh}-drate  administered  is  not  exactly  given, 
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it  is  not  possible  to  estimate  the  glucose-nitrogen  ratio  indicating 
any  formation  of  glucose  from  body  protein. 

The  present  investigation  was  undertaken  to  throw  light  on  the 


TABLE   I. 


in  urine. 

Total 

sulphur. 

gm. 

Glucose, 
gm. 

Acetone. 

i3  Oxy- 

Kr'inin  + 

Kreatinin. 

Kreatin. 

Pre- 
formed, 
gm. 

Aceto- 

kr'n.  gm. 

gm. 

gm. 

acetic 
acid, 
gm. 

butyric 
acid, 
gm. 

%  T-N. 

%-T-N. 

%  T-N. 

1-100 
N:  S. 

1:1 
N.'Glucose. 

• . . . 

0.1125 
2.51 

0 

0.2538 
5.67 

0 

0.0036 

0 

0.0183 

.... 

0.1140 

2.52 

0 

0.2382 
5.26 

0 

0.0050 

0 

0.0246 

.... 

0.1110 

2.27 

0 

0.2580 

5.27 

0 

0.0048 

0 

0.0278 

0.0930 

0.0870 

0.0060 

0.1582 

0 

0.0040 

0 

0.0192 

3.83 

3.59 

Q.24 

6.53 

0.0970 

0.0806 

0.0164 

0.1500 

0 

0.0032 

0 

0.0230 

4.09 

3.40 

0.69 

6.32 

0.0930 

0.0720 

0.0210 

0.1330 

0 

0.0032 

0 

0.0165 

4.15 

3.21 

0.94 

5.93 

0.0970 

0.0790 

0.0180 

0.1340 

0 

0  0056 

0 

0.0157 

4.21 

3.43 

0.78 

5.82 

\J  ■  v.^  v.^w  v.' 

0.1070 

0.0830 

0.0240 

0.1412 

0 

0.0028 

0 

0.0193 

4.48 

3.47 

1.01 

5.89 

0.1050 

0.0810 

0.0240 

0.1374 

0 

0.0048 

0 

0.0265 

4.48 

3.46 

1.02 

5.87 

0.1070 

0.0778 

0.0292 

0.1464 

0 

0.0048 

0 

0.0186 

4.37 

3.18 

1.19 

5.97 

0.1025 

0.0825 

0.0200 

0.1441 

0 

0  0060 

0 

0.0158 

4.47 

3.60 

0.87 

6.28 

xy  *  \.f  \^  W 

0.1520 

0.1100 

0.0420 

0.4592 

35.20 

0.0530 

0.1550 

0.8664 

2.08 

1.51 

0.57 

6.30 

4.83 

0.2167 

0.0924 

0.1243 

0.6435 

35.20 

0.1144 

0.5544 

3.009 

1.99 

0.84 

1.15 

5.90 

'    3.23 

0.2336 

0.1072 

0.1264 

0.7056 

37.60 

0.1568 

0.2672 

2.113 

1.97 

0.90 

1.07 

5.97 

3.18 

0.2496 

0.1024 

0.1472 

0.7840 

39.12 

0.0768 

0.1632 

1.260 

2.05 

0.84 

1.21 

6.Jt2 

3.21 

0.3120 

0.1000 

0.2120 

0.6180 

29.00 

0.0400 

0.1800 

1.253 

S.77 

1.21 

2.56 

7.46 

3..50 

behavior  of  kreatin  in  starvation.  We  wished  at  the  same  time  to 
obtain  information  regarding  any  connection  between  acidosis  and  the 
appearance  of  kreatin. 

Reasoning  a  priori,  there  should  be  Httle  connection  between  these 
two  processes,  for  while  kreatin  appears  in  the  urine  of  fasting  dogs, 
acidosis  does  not  appear  in  this  animal  until  the  fasting  animal  has 
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been   rendered   glycosuria   with   phlorizin   (v.  Mering,^  Waldvogel/ 
Baer«). 

If  kreatin  be  connected  in  any  way  with  a  disturbed  carbohydrate 
metabolism,  or  on  the  other  hand  be  incident  to  certain  t>pes  of  tissue 
katabolism  only  seen  in  starvation  after  the  reserve  store  of  glycogen 

TABLE  II. 


Day. 

Treatment  of  dog. 

Weight 

of  dog. 

12000 

gm. 

gain  + 

Volume 

urine. 

c.c. 

Nitrogen  in 

Total 
gm. 

Ammon. 
gm. 

Kr'tinin 

andkr'n. 

gm. 

loss  — 

Spec.  gr. 

%  T-N. 

%T-N. 

1 

No  food 

-  260 

112 

1025 

2.340 

0.232 
9.91 



2 

No  food 

-  240 

80 
1029 

2.044 

0.150 
7.34 



3 

No  food 

-  140 

85 
1027 

1.872 

0.121 

6.46 



4 

No  food 

-  140 

72 
1029 

2.100 

0.152 

7.26 

0.1120 

5.34 

5 

No  food.     6  gm.  phlorizin 
injected 

-  220 

350 
1041 

5.234 

0.192 

3.67 

0.1720 

3.29 

6 

No  food.     6  gm.  phlorizin 
injected 

-  200 

720 
1033 

9.000 

0.464 
5.16 

0.3250 
3.61 

7 

No  food.     6  gm.  phlorizin 
injected 

-  220 

740 
1032 

8.954 

0.535 
5.98 

0.3267 
3.65 

8 

No  food.     6  gm.  phlorizin 
injected 

-  400 

760 
1030 

8.899 

0.468 

5.26 

0.3717 
4.18 

9 

No  food.     6  gm.  phlorizin 
5  gm.  glutaric  acid 

-  500 



5.575 

0.310 

5.56 

0.1600 

2.87 

has  been  used  up,  as  fasting  experiments  suggest;  then  animals  ren- 
dered completely  diabetic  with  phlorizin  should  afford  information 
regarding  any  connection  between  the  formation  of  sugar  from  protein 
and  the  excretion  of  kreatin. 

It  is  known  that  by  the  proper  administration  of  phlorizin  to  fasting 
animals  a  constant  ratio  of  glucose  to  total  nitrogen  may  be  obtained. 
If  the  poison  be  effective,  an  amount  of  glucose  will  be  excreted  which 
shows  that  all  the  sugar  produced  from  protein  is  excreted  without 
being  utilized. 

«  V.  Mkring:  Zcitschrift  fiir  klinischc  IMcdizin,  1889,  xvi,  p.  442. 
^  W.ALDVOGEL:    Zcitschrift  fiir  klinischc  JNIedizin,  1899,  x.xxviii,  p.  506.' 
*  B.\er:   Archiv  fiir  c.xperimentelle  Pathologic  und  Pharmakologie,  1904,  li, 
p.  271. 
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As  Cathcart  and  Taylor  have  made  use  of  a  temporary  and  non- 
fatal poisoning  with  phlorizin  in  fed  animals,  we  have  changed  the 
experiment  and  made  fasting  dogs  completely  diabetic,  and  con- 
tinued the  action  of  the  poison  for  some  days.  Our  object  was  to  in- 
fluence the  fasting  protein  metabolism  as  completely  as  possible. 

TABLE  II. 


urine. 

Total 

sulphur, 
gm. 

Glucose, 
gm. 

Acetone. 

Water 

given. 

c.c. 

Temp. 

Kr'tinin. 
gm. 

Kreatin. 
gm. 

Pre- 
formed, 
gm. 

Aceto- 

acetic 

acid. 

gm. 

/3  Oxy- 
butyric 

acid. 

gm. 

%  T-N. 

%  T-N. 

1:100 

N:S. 

1:1 
N:  Gl'se. 

0.1000 

4.27 

0.0975 

4.77 

0.0765 

4.09 

0.0920 

4.38 

0.1160 

2.22 

0.1230 

1.37 

0.1144 

1.28 
0.1022 

1.15 

0.0726 

1.30 

0 
0 

0 

0.0200 

0.96 

0.0560 

1.07 

0.2020 

2.24 

0.2120 

2.37 

0.2695 

3.03 

0.0874 

1.67 

0.1712 
7.32 
0.1470 
7.20 
0.1128 
6.00 
0.1340 
6.38 
0.3144 
6.00 
0.5710 
6.34 
0.6732 
7.52 
0.6468 
7.27 
0.4940 
8.86 

0 
0 
0 

0 

29.68 
15.67 
36.00 

4.00 
33.00 

3.70 
31.13 
3.52 
17.00 
3.04 

0.0080 
0.0090 
0.0096 
0.0072 
0.0400 
0.1000 
0.1804 
0.2332 
0.2200 

0 

0 

0 

0 
0.0320 
0.1350 
0.2536 
0.2180 
0.0460 

0.0208 
0.0260 
0.0171 
0.0214 
0.1610 
0.7830 
1.7720 
2.0580 
0.8320 

135 
135 
300 
700 
550 
600 

38.0 
38.3 

38.6 
38.4 
38.4 
39.0 
35.8 

The  following  experiments  were  performed  on  two  animals.  The 
phlorizin  period  was  preceded  in  the  one  case  by  eight  days'  fasting 
and  in  the  second  by  four  days'  fasting.  The  phlorizin  used  was  Kahl- 
baum's.  The  drug  was  administered  subcutaneously  in  2.0  gram 
doses,  dissolved  in  25  c.c.  of  warm  sodium  carbonate  solution.  It 
was  given  three  times  daily,  at  8.00  a.  m.,  4.00  p.  m.,  and  at  10.00  p.  m., 
or  midnight.  The  animals  were  catheterized  twice  a  day,  at  9.00  a.  m. 
and  6.00  p.  M. 

The  methods  for  the  determination  of  ammonia,  kreatinin,  kreatin, 
acetone  and  acetoacetic  acid  were  those  of  Folin.  Shaffer's  method 
was  used  for  the  determination  of  /S  oxybutyric  acid.  Sulphur  was  esti- 
mated by  Benedict's  method.  The  glucose  was  determined  by  Bang's 
method,  after  the  urine  had  been  decolorized  with  acid  mercuric  nitrate. 
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The  results  were  controlled  by  the  Allihn-Soxhlet  method.  The 
agreement  between  the  two  methods  was  perfectly  satisfactory".  It 
will  be  noted  that  the  results  for  ammonia,  kreatinin,  and  kreatin  are 
expressed  in  terms  of  nitrogen. 

It  has  been  stated  by  Folin,  himself,  that  the  picric  acid  method 
for  the  determination  of  kreatinin  and  kreatin  must  be  employed  with 
caution  when  samples  containing  acetone  compounds  are  employed. 

TABLE   III. 


Character  of  urine. 

Nitrogen  %. 

Kreatinin 
+  kreatin. 

Kreatinin. 

Kreatin. 

Urine,  man 

0.063 
0.063 

0.051 
0.055 
0.053 
0.052 
0.051 
0.050 
0.050 

0.012 
0.008 

Urine,  man,  +  1%  acetoacetic  ester  .... 

Urine,  dog,  made  up  to  500  c.c.  for  krea- 
tin in  estimation 

Urine,  dog,  made  up  to  1000  c.c.  for  krea- 
tin in  estimation 

Urine,  dog,  1  %  acetoacetic  ester  dilution 
500  c.c. 

Urine,  dog,  1  %  acetoacetic  ester  dilution 
1000  c.c. 

Urine,  dog,  -\-  0.05  phlorizin 

We  therefore  endeavored  to  assure  ourselves  that  the  kreatinin  and 
kreatin  values  obtained  in  these  experiments  were  not  complicated  by 
the  presence  of  these  compounds. 

In  order  to  note  the  effect  of  the  change  of  acetoacetic  acid  to  ace- 
tone, two  sets  of  determinations  were  made,  separated  by  a  period  of 
nearly  a  month.    The  results  were  practically  concordant. 

Determinations  of  kreatinin  -f  kreatin  were  made  in  urines  which 
had  been  heated  with  acid  while  air  was  passed  through  to  completely 
remove  the  acetone.  As  might  be  anticipated,  these  results  were  the 
same  as  with  the  simple  treatment  witli  heat  and  acid. 

Finally,  acetoacetic  ester  was  added  directly  to  urine  which  had 
previously  been  analyzed  for  kreatinin  and  kreatin.  As  will  be  noted 
in  Table  III,  this  compound  does  affect  the  kreatinin  determinations, 
but  not  to  an  extent  which  would  vitiate  the  expexmiental  results 
which  we  have  obtained. 
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One  other  possibility  was  present  —  that  is,  the  effect  of  phlorizin 
itself  on  kreatinin  determinations.  As  is  well  known,  this  substance 
is  excreted  by  the  kidney. 

The  ferric  chloride  reaction,  which  is  obtained  with  phlorizin  urines, 
is  due  in  great  part  to  this  substance.  It  differs,  however,  from  the 
t>'pical  Gerhardt  reaction  in  persisting  after  the  urine  has  been  heated. 
Phlorizin  also  has  the  property  of  giving  with  picric  acid  and  alkali  a 
color  which  in  concentrated  solution  is  indistinguishable  from  that 
produced  by  kreatinin  under  the  same  conditions.  Fortunately,  the 
colored  compound  is  highly  dissociated  on  dilution,  so  that,  after 
adding  water,  the  red  color,  which  would  imitate  kreatinin  picrate, 
entirely  disappears. 

As  these  animals  received  6.0  gm.  of  phlorizin  in  the  twenty- four 
hours,  and  the  urine  was  diluted  for  analysis  to  1000  c.c,  there  could 
be  no  more  than  0.060  gm.  in  the  amount  of  urine  taken  for 
analysis. 

This  amount  of  phlorizin,  when  treated  with  picric  acid  and  sodium 
hydroxide,  in  the  quantities  used  for  a  kreatinin  determination,  failed 
to  give  a  color  which  could  be  estimated  with  the  colorimeter  when 
the  solution  was  diluted  to  500  c.c. 

We  therefore  conclude  that  neither  acetoacetic  acid  nor  phlorizin 
is  responsible  for  the  variation  in  kreatinin  and  kreatin  which  is 
observed  after  treating  fasting  ardmals  with  phlorizin. 

The  Results. 

Animal  i.  —  The  usual  phenomena  connected  with  fasting  are 
observed  in  this  animal.  Kreatin  does  not  appear  until  the  third  day 
of  starvation,  when  0.016  gm.  of  nitrogen  are  excreted  in  this  form. 
The  kreatinin  output  falls.  This  is,  however,  only  absolute,  for  the 
ratio  of  kreatinin  nitrogen  to  total  nitrogen  rises.  The  administration 
of  fats  in  the  form  of  olive  oil  has  no  effect  in  sparing  fasting  metabo- 
lism, or  in  decreasing  the  amount  of  kreatin. 

With  the  rise  in  nitrogenous  metabolism  occasioned  by  the  injec- 
tion of  6  gm.  of  phlorizin,  the  amount  of  kreatinin  increased,  but 
its  elimination  does  not  in  any  sense  keep  pace  with  the  total  nitrogen 
excretion.  For  that  reason  the  ratio  of  kreatinin  nitrogen  to  total 
nitrogen  falls.    It  is  obvious,  therefore,  that  the  loss  of  body  protein 
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occasioned  by  this  poison  does  not  equally  affect  the  processes  leading 
to  the  excretion  of  kreatinin.  This  difference  may  lie  in  the  breaking 
down  of  muscle  tissue  as  distinguished  from  that  form  of  protein 
breakdown  which  has  been  characterized  by  Noel  Paton  as  "  meat." 

On  the  other  hand,  we  find  that  both  total  nitrogen  and  kreatin  nitro- 
gen increase  with  equal  steps.  It  would  appear  that  whatever  tissue 
or  process  was  contributing  to  the  excess  of  nitrogen  in  the  urine  was 
yielding  an  equal  amount  of  kreatin.  It  is  worthy  of  mention  that 
during  the  period  when  the  excess  of  glucose  was  being  swept  out  of 
the  body  the  ratio  of  kreatin  nitrogen  to  total  nitrogen  was  low.  In 
the  preceding  period,  when  no  sugar  was  excreted,  the  ratio  of  kreatin 
nitrogen  to  total  nitrogen  was  high. 

On  the  last  day  which  is  recorded  here,  and  three  days  before  the 
death  of  the  animal,  5.0  gm.  of  glutaric  acid  in  the  form  of  the  sodium 
salt  were  administered  subcutaneously.  This  was  done  for  other  pur- 
poses than  those  mentioned  in  this  paper. 

While  the  nitrogen  output  fell  considerably,  the  output  of  kreatin 
was  much  increased,  and  hence  one  obtains  a  ratio  on  this  day  which 
is  much  higher  than  at  any  other  period  of  the  phlorizin  poisoning.  In 
this  instance,  with  the  administration  of  a  substance,  part  of  which 
was  undoubtedly  converted  into  carbonates,  a  distinct  increase  is  ob- 
served in  the  kreatin  excretion.  That  the  increase  was  due  to  a 
change  in  the  reaction  of  the  urine  is  negatived  by  the  fact  that  the 
urine  was  acid  to  litmus  on  this  day 

As-Cathcart  and  Taylor  have  stated,  there  is  apparently  no  connec- 
tion between  the  acidosis  observed  in  phlorizinized  dogs  and  the 
amount  of  kreatin  excreted.  Hence  the  disturbance  of  carbohydrate 
metabolism  giving  rise  to  the  acetone  compounds  cannot  be  the  same 
as  that  leading  to  the  excessive  amounts  of  kreatin  in  the  urine.  This 
is  also  shown  in  these  experiments.  As  will  be  seen  from  the  tables, 
on  one  day,  the  i6th,  during  which  the  largest  amount  of  kreatin 
was  excreted,  the  amount  of  acetone  compounds  .was  practically  the 
same  as  on  the  previous  days. 

The  second  animal  is  interesting,  for  while  in  very  much  better  con- 
dition at  the  beginning  of  the  experiment,  she  succumbed  to  tlie  poison 
after  five  days'  treatment. 

The  general  features  of  the  case  are  the  same  as  those  of  the  previous 
one.    The  glucose  nitrogen  ratio  for  the  seventh  and  eighth  days  of 
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the  experiment  indicates  a  total  diabetes.  As  the  notes  of  the  case 
explain,  the  values  for  the  ninth  day  are  uncertain,  because,  aside  from 
the  fact  that  the  animal  died  on  this  day,  the  urine  was  mixed  with 
feces  and  vomit.  It  is  possible  that  the  low  values  obtained  for  kreatin 
are  due  to  this  cause. 

What  is  noteworthy  in  this  experiment  is  the  steady  rise  in  the  ratio 
of  kreatin  nitrogen  to  total  nitrogen.  The  process  leading  to  the  ex- 
cretion of  kreatin  seems  to  outstrip  the  breakdown  of  protein.  The 
kreatin  output  is  about  three  times  as  prominent  as  in  the  previous 
experiment.  This  may  be  due  to  two  causes,  which  have  been  also 
suggested  as  playing  a  part  in  the  metabolism  of  uric  acid.  The  in- 
crease in  the  output  in  this  case  may  be  due  to  increased  formation  of 
kreatin  or  to  an  inhibition  of  the  processes  whereby  the  kreatin  formed 
in  the  processes  of  metabolism  is  prevented  from  being  converted  into 
urea.  While  we  have  no  data  which  will  allow  us  to  differentiate  be- 
tween the  two,  it  seems  that  as  the  kreatin  excretion  has  become  so 
prominent,  an  inhibition  of  the  conversion  of  this  substance  into  urea 
is  more  likely.  The  prominence  of  the  kreatin  excretion  in  this  animal 
combined  with  its  early  death  leads  one  to  believe  that  there  is  some 
connection  between  the  two.  This  excessive  kreatin  excretion  has 
been  observed  by  one  of  us  in  the  days  preceding  death  in  cases  of 
pneumonia  ^  and  typhoid  fever  in  man. 

With  this  unusual  excretion  of  kreatin  there  are  no  features  of  the 
kreatinin  output  which  call  for  comment;  nor  is  the  excretion  of  the 
acetone  compounds  essentially  different  from  that  found  in  the  pre- 
vious experiment. 

In  attempting  to  throw  light  on  these  processes  of  metabolism,  one 
of  us,  with  those  who  have  worked  with  him  in  this  laboratory,  has 
devoted  considerable  attention  to  the  excretion  of  sulphur,  in  the  hope 
that  by  comparing  the  amount  of  sulphur  excreted  with  that  of  nitro- 
gen, one  might  be  able  to  detect  differences  in  the  type  of  protein 
katabolized.  It  was  with  this  object  in  view  that  estimations  of  the 
total  sulphur  output  were  made. 

•  An  inspection  of  the  tables  will  show  that  no  conclusion  can  be 
drawn  regarding  the  type  of  protein  katabolized  as  a  result  of  phlorizin 
poisoning.  It  does  not  seem  to  differ  in  respect  of  its  sulphur  content 
from  that  used  up  in  starvation. 

^  Wolf  and  Lambert:  Archives  of  internal  medicine,  1910,  v,  p.  406. 
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It  would  therefore  seem  that  the  excretion  of  kreatin  is  not  the  result 
of  the  kataboHsm  of  a  special  type  of  protein,  but  is  conditioned  by 
unusual  processes  which  affect  the  animal  in  fasting,  and  to  a  greater 
extent  in  phlorizin  diabetes. 


Summary. 

The  excretion  of  kreatinin,  kreatin,  ammonia,  the  acetone  com- 
pounds, and  total  sulphur  has  been  examined  in  fasting  and  in  fasting 
combined  with  total  diabetes  induced  by  phlorizin. 

The  amount  of  kreatinin  increases  during  the  glycosuria,  but  not  at 
all  in  proportion  to  the  breaking  down  of  protein. 

The  kreatin  excretion  increases  to  such  an  extent  in  phlorizin  dia- 
betes that  the  ratio  of  kreatin  nitrogen  to  total  nitrogen  steadily  rises 
during  the  poisoning. 

The  processes  which  give  rise  to  the  acetone  compounds  are  appar- 
ently distinct  from  those  through  which  kreatin  is  excreted. 

There  is  no  relationship  between  the  total  sulphur  metabolism  and 
the  acetone  compounds  or  the  kreatin. 


STUDIES  UPON  THE  TEMPERATURE  COEFFICIENT  OF 
THE  RATE  OF  HEART  BEAT  IN  CERTAIN  LIVTNG 
ANIMALS. 

By  CHARLES   G.   ROGERS. 

{Contributions  from  the  Zoological  Laboratory,  Syracuse  University,  and  from  the  Marine 

Biological  Laboratory,  Woods  Hole,  Mass}] 

I.  Introduction. 

SEVERAL  years  ago  it  was  suggested  to  me  by  Professor  Loeb  that 
a  study  of  the  rate  of  heart  action  as  influenced  by  temperature 
changes  might  prove  to  be  of  great  value  in  determining  the  character 
of  the  underlying  cause  of  cardiac  contraction.  It  was  impracticable 
at  that  time  for  me  to  undertake  the  work,  and  only  within  the  past 
year  has  it  been  possible  to  pay  any  particular  attention  to  it.  In  the 
mean  time  the  problem  has  been  worked  upon  to  some  extent  by  others. 
Up  to  the  present  time  the  results  attained  have  not  all  been  ac- 
counted for,  and  the  problem  in  its  deepest  significance  is  still  un- 
solved, though  the  answer  may  have  been  partly  given. 

Studies  already  made  upon  a  number  of  physiological  processes 
show  that  as  the  temperature  of  the  active  tissue  is  modified  there  is 
an  associated  change  in  the  rate  of  the  physiological  process,  which  is, 
in  some  cases  at  least,  to  be  accounted  for  upon  the  ground  that  the 
process  is  a  purely  chemical  one,  and  that  it  therefore  follows  the  same 
laws  as  do  the  chemical  actions  carried  on  in  the  laboratory.  A  study 
of  many  chemical  reactions  has  revealed  the  fact  that  for  an  increase 
of  io°  C.  in  temperature  the  rate  of  reaction  is  increased  from  2  to  3.5 
fold.  For  purely  physical  phenomena  the  increase  is  smaller,  rarely 
reaching  two  and  in  some  cases  being  actually  less  than  one, 

^  It  is  a  pleasure  in  this   connection  to  acknowledge  the  many  courtesies 

received  from  the  directors  and  staff  of  the  Marine  Biological  Laboratory  during 

the  course  of  the  work. 
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We  are  indebted  to  Snyder  ^  and  to  Arrhenius  ^  for  two  formulae 
which  make  it  possible  for  us  to  compare  the  constants  of  physiological 
processes  with  those  of  chemical  reactions.  The  formula  given  by 
Snyder  takes  the  form 


(i:)^ 


f-^Q      I  I    ■*    1        '*    Q 


in  which  (2io  is  the  coefficient  of  the  increase  in  reaction  velocity  for  a 
rise  of  io°  Celsius.  The  symbols  A'l  and  ivo  represent  the  rates  of 
beat  of  the  hearts  studied  at  the  temperatures  Ti  and  Tq  respectively, 
given  in  degrees  Celsius. 

Arrhenius  has  given  us  an  empiricat  formula  which  takes  the  form 


Nat.Log|-=ii('^Y 
Kq      2  \  TiTo  J 


in  which  Ki  and  Ko  represent  the  rates  of  heart  action  (or  of  chemical 
reaction)  at  the  temperatures  Ti  and  To  respectively,  in  this  case  the 
temperatures  being  stated  in  degrees  of  the  absolute  scale.  The 
symbol  /*  indicates  a  constant,  the  value  of  which  for  an  ordinary 
chemical  reaction  is  not  far  from  13,500,  though  it  may  vary  accord- 
ing to  the  character  of  the  reaction.  For  ordinary  chemical  reactions 
the  value  of  Qio  usually  lies  between  2  and  3.5. 

Many  of  the  experiments  made  thus  far  have  concerned  the  beatings 
of  isolated  hearts,  working  under  decidedly  artificial  conditions  in 
artificial  solutions.  For  the  sake  of  comparison,  at  least,  it  was  deemed 
wise  in  this  investigation  to  make  observations  upon  hearts  or  pulsat- 
ing vessels  beating  in  the  undissected  animals. 

There  can  be  no  doubt  that  the  rate  of  the  heart  beat  in  the  living, 
normal  animal  is  the  resultant  of  a  large  number  of  factors,  which  if 
kept  at  a  constant  relative  value  will  result  in  definite  rate  of  cardiac 
contraction.  If  any  one  of  the  factors  be  disturbed,  there  will  be  of 
necessity  a  disturbance  of  the  rate  of  contraction  and  a  new  rate  of 
contraction  will  be  found  which  will  meet  the  demands  of  the  new 
conditions.    Of  these  factors,  it  is  evident  that  temperature  is  one. 

We  cannot  presume  to  say  that  in  dealing  with  an  undissected 
animal  and  subjecting  it  to  changes  of  temperature,  we  are  of  necessity 

^  Snyder,  Charles  D.:  This  journal,  1908,  xxii,  pp.  309-334. 
3  Arrhenius:  Immunochemistry,  JMacmillan  Co.,  1907. 
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modifying  only  the  one  factor,  temperature.  Nor  has  it  yet  been  es- 
tabhshed  that  the  temperature  of  the  heart  muscle  or  the  pulsating 
vessel  actually  attains  the  same  temperature  as  that  of  the  medium  in 
which  the  animal  is  immersed. 

II.  Literature. 

It  hardly  seems  necessary  to  do  more  than  briefly  mention  a  few 
of  the  papers  which  have  a  bearing  upon  the  general  subject.  Snyder  "* 
found  that  the  rate  of  the  heart  beat  of  the  Pacific  terrapin  is  influ- 
enced by  temperature  changes  in  much  the  same  way  as  chemical  re- 
actions ;  that  the  minimum  of  contraction  occurs  at  0°  and  the  maxi- 
mum rate  between  35°  and  37.5°.  It  was  also  noted  in  this  paper  that 
the  coefficients  vary  considerably  throughout  the  ranges  of  temperature 
studied,  having  a  value  as  high  as  10.2  for  the  temperatures  0°  to  10*^ 
C,  and  gradually  dechning  to  2.2  for  the  range  between  10°  and  20°  C, 
and  to  1.9  for  the  temperatures  20°  to  30°  C,  and  to  i  for  the  range 
30°  to  40°  C.  In  a  later  paper  Snyder^  found  that  the  heart  beats  of  a 
mollusc,  Phyllirrhoe,  and  of  a  crustacean,  Maia  verrucosa,  behave 
in  a  similar  manner.  Robertson^  found  that  the  heart  of  Daphnia 
responded  in  a  similar  manner  to  changes  of  temperature.  The  papers 
of  Martin,  Martin  and  Applegarth,  Langendorff,  Langendorff  and 
Lehmann  as  quoted  by  Snyder  ^  indicate  similar  effects  of  temperature 
changes  upon  the  hearts  of  dogs,  cats,  and  rabbits.  A  third  paper  by 
Snyder  gives  additional  data  of  a  confirmatory  character. 

Riddle,^  in  reporting  upon  his  work  upon  digestion  in  cold-blooded 
animals,  shows  that  the  process  of  digestion  in  these  animals  follows  the 
same  general  trend.  He  assigns  the  increase  in  size  of  the  coefficient 
of  reaction  velocity  as  zero  is  approached  to  a  destructive  effect  ex- 
erted by  the  lower  temperature  upon  the  digestive  secretions,  and  the 
decrease  in  the  size  of  the  coefficient  at  the  higher  temperatures  to  be 
due  to  an  inhibitive  or  destructive  eft'ect  of  the  temperature  upon  the 
ferment. 

.*  Snyder,  Charles  D.:  University  of  California  Publications,  1905,  ii,  No.  15, 
pp.  125-146. 

5  Snyder,  Charles  D.:  This  journal,  1906,  xvii,  pp.  350-361. 
8  Robertson,  T.  B.:  Biological  bulletin,  1906,  x,  p.  242. 
'  Snyder,  Charles  D.:   This  journal,  1908,  xxii,  pp.  309-334. 
*  Reddle,  Oscar:  This  journal,  1909,  xxiv,  pp.  447-458. 
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III.   Material. 

Up  to  the  present  time  many  of  the  animals  experimented  upon  in 
work  of  this  character  have  been  chosen  from  among  those  rather 
high  up  in  the  animal  kingdom,  and  are  therefore  among  the  more 
highly  specialized  forms.  It  is  possible  that  on  this  account  they  may 
be  less  suited  for  such  a  study  than  some  of  the  lower  animals  in  which 
organic  specialization,  and  doubtless  cellular  specialization  as  well, 
has  not  gone  to  so  great  an  extent. 

Again,  the  animals  so  far  studied  have  been  in  the  main  those  known 
as  the  warm-blooded — homothermous — animals,  in  which  the  normal 
physiological  processes  occur  and  continue  only  within  a  very  narrow 
range  of  temperatures.  Another  great  group  of  animals,  the  cold- 
blooded, as  they  are  called  —  poikilothermous  —  includes  those  in 
which  there  is  no  normal  stationary  temperature  for  normal  body 
processes,  but  in  which  there  is  a  wide  range  of  temperatures  through 
which  the  physiological  processes  may  occur.  This  group  furnishes 
us  with  as  good  or  better  opportunities  for  determining  the  effects  of 
changes  of  temperature  upon  physiological  activities,  for  here  the 
temperatures  to  which  the  animal  is  likely  to  be  subjected  during  the 
course  of  experiment  are  the  same  as  those  which  the  animal  might 
meet  during  the  natural  course  of  its  existence,  and  to  which  it  has 
become  more  or  less  adjusted  through  the  experiences  of  preceding 
generations. 

The  first  form  chosen  for  this  study  was  a  small  worm,  Tubifex 
(sp.?).  A  large  culture  of  these  worms  was  obtained  in  the  fall  of  1909 
from  a  small  pond  near  the  laboratory.  They  had  been  kept  in  small 
aquaria  in  the  laboratory  during  the  winter  and  had  thrived  well.  At 
the  present  writing  there  are  still  hundreds  of  them  available  for 
work.  For  comparison  with  this  form,  during  the  work  of  the  summer, 
another  worm.  Nereis  virens,  was  chosen.  Nereis  does  not  thrive  so 
well  under  the  artificial  conditions  of  the  laboratory,  so  it  was  found 
desirable  to  obtain  fresh  supplies  for  each  day's  work. 

The  two  other  forms  studied  were  chosen,  not  so  much  on  account 
of  their  adaptability  to  the  work  at  hand  as  because  they  were  avail- 
able when  material  was  wanted  and  the  things  particularly  desired 
were  not.     They  proved,  however,  to  be  excellent  material  for  the 
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study  of  this  problem.  The  material  consisted  of  embryo  toad-fish  in 
which  the  circulation  was  well  established  and  in  which  the  yolk  sac 
still  formed  a  very  conspicuous  structure,  and  the  embryos  of  the 
minnow  Fundulus,  studied  as  soon  as  the  hearts  had  begun  to  beat 
and  continuing  until  the  beating  of  the  hearts  could  be  seen  only  with 
great  difficulty  on  account  of  the  rapid  development  of  other  organs 
and  tissues. 

IV.   Methods. 

When  the  work  was  first  undertaken,  a  number  of  experiments  were 
made  to  establish  methods  of  work  which  would  allow  sufficiently 
careful  observations  to  be  made  and  at  the  same  time  eliminate  the 
greater  sources  of  error.  In  so  far  as  possible,  the  experiments  of  a 
given  series  were  performed  under  conditions  which  were  uniform 
except  in  the  matter  of  temperature. 

In  the  work  upon  Tubifex  the  particular  worm  to  be  studied  was 
placed  in  a  small  beaker  containing  about  20  c.c.  of  water,  and  the 
beaker  then  floated  in  a  bath  which  contained  water  of  the  desired 
temperature.  In  this  way  the  water  in  the  beaker  soon  came  to  have 
the  same  temperature  as  that  in  the  bath,  and  the  temperature  of  the 
worm  presumably  came  to  be  closely  approximated  to  that  of  the 
water  in  which  it  was  placed.  This  water  bath  was  connected  by 
means  of  short  rubber  tubing  with  a  warm  stage  upon  the  stage  of  the 
microscope,  and  the  water  of  the  bath  allowed  freely  to  run  through 
the  chamber  of  the  warm  stage.  This  stage  was  provided  with  a  ther- 
mometer which  was  found  to  be  sufficiently  accurate  for  the  work  at 
hand.  The  temperature  of  the  stage  as  indicated  by  its  thermometer 
and  the  temperature  of  the  water  in  the  bath  were  kept  closely  ap- 
proximated during  the  course  of  the  experiment.  After  the  specimen 
to  be  examined  had  been  exposed  to  the  temperature  of  the  bath  for  a 
few  minutes  it  was  quickly  transferred  by  means  of  a  pipette  from  the 
beaker  to  a  slide  which  had  previously  been  placed  upon  the  warm 
stage  and  which  had  the  same  temperature  as  the  bath  and  the  stage. 
By  means  of  a  stop  watch  the  time  required  for  twenty-five  (usually) 
beats  of  the  dorsal  blood  vessel  at  a  given  point  was  taken.  From  the 
data  thus  secured  the  rate  of  beat  per  minute  was  calculated.  The 
method  given  above  may  be  criticised  on  account  of  the  danger  that 
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the  temperature  of  the  animals  may  become  modified  during  the  period 
given  to  observation,  and  that  the  temperature  indicated  by  the  warm 
stage  thermometer  does  not  accurately  represent  the  temperature  of 
the  animals.  These  possibiHties  have  been  kept  in  mind,  and  while  a 
re-examination  of  this  part  of  the  work  may  slightly  modify  the  figures 
given  in  the  tables,  I  think  it  very  doubtful  if  there  will  be  any  impor- 
tant change.  The  method  was  used  for  the  lack  of  a  better  one  at  the 
time. 

The  methods  employed  at  Woods  Hole  in  the  study  of  Nereis,  Fun- 
dulus,  and  the  toad  fish  vary  in  some  details  from  those  described 
above.  The  specimens  were  placed,  each  in  a  finger  bowl,  separately 
numbered,  in  about  loo  c.c.  of  sea  water.  The  bowls  were  then  placed 
for  a  period  of  about  two  hours  in  a  bath  of  running  sea  water  before 
making  the  first  series  of  readings.  The  temperature  of  the  running 
sea  water  was  found  to  be  very  uniform  for  any  two-hour  period, 
though  there  were  daily  fluctuations.  Each  specimen  of  Nereis  re- 
mained in  the  same  finger  bowl  from  the  beginning  to  the  end  of  the 
experiment.  The  eggs  of  Fundulus  and  of  the  toad  fish  were  trans- 
ferred at  the  time  of  observation  to  a  small  stender  dish  which  could 
be  placed  upon  the  stage  of  the  microscope.  Care  was  always  taken 
to  avoid  any  change  of  temperature  on  the  part  of  the  eggs,  in  making 
the  transfer.  The  heart  beats  to  the  number  of  twenty-five,  fifty,  or 
one  hundred  were  then  timed  by  means  of  a  stop  watch,  and  the  eggs 
immediatel}^  replaced  in  the  finger  bowls  from  which  they  had  been 
taken,  there  to  remain  until  the  next  time  for  observation.  To  con- 
trol the  temperatures  two  thermostats,  in  which  the  finger  bowls 
could  be  placed,  were  employed.  The  thermostat  for  the  higher  tem- 
peratures was  warmed  by  means  of  gas  flames,  and  the  water  kept 
constantly  stirred  by  a  series  of  fans  operated  by  a  hot-air  engine.  The 
thermostat  for  the  lower  temperatures  was  cooled  by  the  addition  of 
ice  and  the  water  stirred  in  the  same  manner  as  the  first. 

A  number  of  attempts  to  immobilize  the  animals  by  means  of  curare 
and  magnesium  sulphate  were  made,  but  the  results  were  unsatisfac- 
tory. The  length  of  time  through  which  the  animals  had  to  be  under 
observation  was  too  great  for  the  continued  action  of  either  of  the 
substances  mentioned  without  very  serious  effects. 
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V.  Possible  Sources  of  Error. 

In  carrpng  out  these  experiments  care  has  been  taken  to  reduce  the 
errors  of  experimentation  to  a  minimum.  All  the  temperature  read- 
ings, except  in  the  case  of  Tubifex,  have  been  made  with  a  standardized 
chemical  thermometer  reading  to  1/10°  C.  In  the  case  of  Tubifex  the 
stage  thermometer  employed  has  been  checked  by  the  side  of  the 
standaid  thermometer  and  has  been  found  to  have  only  small  errors 
which  would  not  serve  to  modify  the  general  character  of  the  result. 

It  was  found  during  the  course  of  the  experiments  that  the  speci- 
mens of  Nereis  were  slow  to  adjust  themselves  to  the  changed  tem- 
perature of  the  environment.  This  fact  had  not  been  apparent  in  the 
case  of  Tubifex,  but  for  the  sake  of  accuracy  in  the  further  work  upon 
Fundulus  and  the  toad  fish  full  allowance  was  made  for  such  a 
"latent  period  "  as  would  permit  of  a  complete  adjustment  to  the  new 
conditions.  Even  though  the  animals  are  recognized  as  adapted  to 
life  at  wide  ranges  of  temperatures,  we  must  recognize  that  a  certain 
definite  period  of  time  is  required  for  the  various  physiological  pro- 
cesses to  become  readjusted  when  any  profound  disturbance  occurs  in 
any  one  set  of  governing  conditions.  Snyder  found  that  for  the  isolated 
hearts  studied  by  him  only  a  few  minutes  were  required  to  establish  a 
new  rate  of  contraction  after  they  had  been  subjected  to  the  change 
of  temperature.  Robertson,  also,  in  his  study  of  heart  rate  in  Daphnia, 
used  a  given  temperature  for  only  a  short  period  of  time.  So  far  as 
the  form  used  is  concerned  this  may  have  been  correct  procedure.  In 
the  work  here  reported  it  was  found  that  a  very  considerable  period  of 
time  was  required  to  assure  complete  adjustment  to  a  new  temperature. 
In  the  case  of  Nereis  from  one  and  a  half  to  two  hours  was  required 
before  a  complete  adjustment  could  be  depended  upon. 

Variations  in  the  temperature  of  the  surrounding  medium  may  occur 
from  time  to  time  and  of  course  would  have  an  effect  upon  the  accu- 
racy of  the  observations.  By  the  use  of  automatic  regulators  it  has 
been  found  possible  to  maintain  the  temperature  of  the  water  of  a  given 
bath  at  a  practically  constant  point  during  the  period  of  experimen- 
tation. Even  this  does  not  meet  the  full  requirement  of  the  case  unless 
the  water  in  the  vessel  containing  the  animal  under  observation  be  also 
frequently  stirred  so  that  all  parts  of  the  liquid  are  of  the  same  tern- 
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perature.  In  the  experiments  reported  in  this  paper  it  was  found  neces- 
sary frequently  to  stir  the  solutions  in  the  manner  suggested,  as  the 
temperature  in  different  parts  of  the  same  beaker  or  finger  bowl  might 
vary  as  much  as  i°  Celsius  if  left  undisturbed. 

There  are  also  physiological  factors  which  tend  to  vary  the  rate  of 
pulsation  at  any  given  temperature.  Variation  in  the  amount  of  oxy- 
gen supplied  to  the  animals  may  occur  from  time  to  time.  Accumula- 
tions of  the  products  of  excretion  and  of  respiration  take  place  and 
may  affect  the  animal  in  respect  to  the  rate  of  heart  contraction.  The 
importance  of  the  nervous  control  of  heart  action  in  such  forms  as  have 
been  studied  in  this  work  is  a  matter  we  know  httle  about  at  the  pres- 
ent. In  the  two  fish  embryos  studied  it  is  a  matter  of  doubt  whether 
nervous  connections  with  the  heart  have  yet  been  established.  In  the 
other  forms  such  connections  may  exist,  but  we  do  not  know  how  ef- 
fective they  may  be.  It  is  the  purpose  of  the  author  of  this  paper  to 
continue  the  work  along  this  line  and  determine  if  possible  how  the 
development  of  the  nervous  control  may  affect  the  rate  of  heart  beat  as 
influenced  by  changes  of  temperature. 

VI.  Data  from  Experiments. 

In  order  that  the  general  method  employed  in  making  the  experi- 
ments may  be  apparent,  I  will  quote  from  my  original  notes  the  data 
of  a  couple  of  experiments  selected  at  random. 


No.  Tempera- 

exp.  ture. 


Seconds. 


45                 21.5  85.8 

8-0  130.0 

21.9  78.0 

35.0  29.8 

61                 19.9  98.0 

30.0  45.0 

20.1  88.0 
7.0  127.0 

Both  of  the  above  are  taken  from  the  records  of  the  work  upon 
Nereis.  It  does  not  seem  necessary  or  wise  to  burden  the  paper  with 
all  of  the  data  obtained,  but  rather  to  put  the  results  into  such  form 
as  will  make  them  most  useful. 


Beats 
counted. 

Rate  per 
minute. 

25 

17.48 

10 

4.61 

25 

19.23 

25 

50-17 

25 

15-30 

25 

Zi-i2> 

25 

17.04 

10 

4.72 

Temperature  Coefficient  of  the  Rate  of  Heart  Beat.        89 

The  accompanying  tables  represent  the  facts  as  found  in  the  study 
of  this  problem.  In  each  case  the  number  indicates  the  serial  number 
of  the  animal  experimented  upon.  When  the  same  number  occurs  more 
than  once  in  the  tables  of  the  same  series,  it  will  be  apparent  that  the 

TABLE  I. 


Lower  limit. 

Upper  limit. 

Oio- 

Average. 

IJ-. 

Average. 

6 

17 

6.46 

30190 

6 

15 

5.682 

6.071 

27920 

29055 

9 

15.5 

4.135 

23094 

9.5 

16 

3.454 

20238 

9 

16 

2.064 

3.213 

12810 

18714 

11 

26 

1.947 

11328 

11.8 

26 

1.768 

10086 

11.8 

26 

1.753 

10147 

10520 

13 

26 

1.765 

9562 

13.9 

20 

1.715 

9287 

12.2 

22 

1.585 

7751 

12.8 

23.4 

1.572 

1.657 

7664 

8566 

15.5 

25 

1.841 

10500 

16 

25 

1.816 

10270 

17 

26 

1.638 

8469 

15 

22.5 

1.464 

6489 

16- 

23 

1.321 

4770 

15 

33.9 

.9526 

1.505 

3971 

8039 

same  animal  was  used  for  tests  at  both  high  and  low  temperatures.  For 
the  sake  of  convenience  Ti  and  To  as  given  in  any  table  represent  the 
higher  and  lower  temperatures  in  degrees  Celsius  at  which  the  rates 
Ki  and  i^o  were  determined.  From  the  data  thus  obtained  the  values 
of  Qio  and  /i  were  calculated  according  to  the  formulae  of  Snyder 
and  Arrhenius  and  their  values  placed  opposite. 
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If  we  arrange  the  principal  data  collected  from  the  experiments 
upon  Tubifex  according  to  the  values  of  Qio  and  /"•  as  determined 
by  our  calculations,  we  find  that  the  experiments  tend  to  arrange 
themselves  into  a  regularly  descending  series  for  the  values  of  these 
two  constants  as  we  pass  from  o°  to  the  higher  temperatures.  Table  I 
gives  such  an  arrangement. 

TABLE   I[. 


No. 

Ti 

To 

K^ 

A'o 

0.0 

fJ- 

41 

21.75 

7.6 

14.02 

3.19 

2.847 

17301 

42 

21.65 

8.0 

16.69 

4.56 

2.587 

15740 

45 

21.70 

8.0 

18.35 

4.61 

2.741 

16699 

47 

21.75 

7.8 

17.22 

4.91 

2.457 

14891 

48 

22.40 

8.0 

17.41 

4.51 

2.849 

16876 

49 

22.40 

7.9 

18.48 

4.05 

2.849 

17374 

50 

22.50 

7.8 

15.32 

4.27 

2.385 

14422 

51 

22.50 

7.8 

18.23 

4.54 

2.574 

15694 

52 

23.6 

7.7 

17.17 

4.27 

2.399 

14573 

53 

22.5 

7.6 

18.25 

4.28 

2.674 

16140 

61 

20.0 

7.0 

16.17 

4.72 

2.578 

15542 

62 

20.1 

7.0 

10.03 

4.03 

2.141 

12501 

86 

20.9 

4.3 

13.48 

3.53 

2.310 

13680 

87 

20.9 

4.9 

11.30 

3.75 

1.003 

11261 

Aver, 

12C  .... 

2.525 

15192 

Table  11  shows  the  data  collected  from  the  experiments  made 
upon  Nereis  at  the  lower  ranges  of  temperature.  The  average  values, 
Qio  =  2.525  and  /x  =  15,192,  indicate  very  clearly  the  character  of 
the  reaction.  In  a  similar  way  the  values  of  the  constants  for  the 
upper  ranges,  calculated  from  data  obtained  in  a  series  of  more 
than  forty  sets  of  observations,  give  the  averages  Qio  =  2,416  and 
/x  =  15,811,    values   corresponding   very   fairly   with   those   already 
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given.     It  will  appear  later  that  in  other  forms   there  is  not  this 
striking  similarity  in  the  values  of  the  constants  for  the  upper  and 
lower  ranges. 
In  a  similar  way  Tables  III  and  IV  indicate  the  results  of  the  work 

TABLE  III. 


No. 

Ti. 

To. 

Ki. 

Ko. 

Qio. 

M. 

1 

22.4 

7.5 

90.91 

23.81 

2.495 

14898 

2 

22.4 

7.5 

103.4 

25.00 

2.593 

15790 

3 

22.4 

7.5 

86.7 

23.08 

2.431 

14715 

4 

22.4 

7.5 

100.7 

22.22 

2.757 

16806 

5 

22.4 

7.5 

61.98 

27.27 

1.735 

9131 

6 

22.4 

7.5 

101.4 

25.00 

2.559 

15573 

7 

22.4 

7.5 

105.6 

n.n 

2.481 

15058 

8 

22.4 

7.5 

107.2 

23.08 

2.803 

17081 

9 

22.4 

7.5 

107.9 

18.75 

3.236 

19464 

16 

22.3 

5.3 

131.6 

18.51 

3.170 

18964 

17 

22.4 

5.5 

128.4 

10.34 

4.440 

24534 

18 

22.4 

5.6 

117.6 

21.58 

2.744 

16837 

21 

21.2 

8.8 

116.3 

27.77 

3.174 

19150 

22 

21.2 

8.7 

98.68 

29.76 

2.609 

15895 

23 

21.2 

8.5 

112.7 

29.42 

2.879 

17516 

24 

21.4 

8.5 

101.4 

25.25 

2.938 

17863 

25 

21.3 

8.5 

100.0 

28.30 

2.681 

16340 

26 

21.8 

4.0 

126.1 

14.85 

3.325 

19626 

27 

21.8 

3.2 

142.9 

8.43 

4.580 

24777 

28 

21.8 

3.4 

136.3 

11.76 

3.787 

21680 

29 

21.8 

3.3 

96.77 

7.01 

4.133 

23115 

30 

21.8 

3.3 

130.4 

9.03 

4.234 

23512 

Average 

21.5 

6.55 

3.081 

18105 

92 


Charles  G.  Rogers. 


upon  the  heart  of  Fundulus.  Here  the  averages  of  the  constants  as 
given  at  the  ends  of  the  tables  indicate  clearly  that  the  acceleration 
of  the  heart  beat  decreases  steadily  as  we  pass  from  o°  upward 
toward   33°.    This  result  is  in  harmony  with  the  observations  of 


TABLE  IV. 


No. 

Ti. 

To. 

Kr. 

A'o. 

Cio. 

M. 

1 

33.7 

ll.t 

201.4 

119.2 

1.638 

8946 

2 

33.7 

ll.(i 

206.9 

135.8 

1.460 

6861 

3 

33.7 

ll.d 

200.0 

122.9 

1.551 

7951 

4 

33.6 

ll.d 

202.7 

124.1 

1.562 

8081 

5 

33.6 

22.6 

204.1 

119.8 

1.632 

11051 

6 

33.6 

22.6 

1^1.1 

123.8 

1.600 

8530 

7 

33.6 

22.6 

1^1.1 

125.6 

1.548 

7887 

8 

33.6 

22.6 

197.3 

131.6 

1.445 

6673 

9 

33.4 

22.6 

200.0 

128.3 

1.456 

7470 

11 

34.1 

22.5 

209.8 

129.8 

1.513 

7513 

12 

34.1 

22.5 

159.6 

106.8 

1.414 

6287 

13 

34.1 

22.4 

205.4 

120.2 

1.581 

8311 

14 

34.1 

22.3 

199.7 

126.1 

1.476 

7066 

is 

34.1 

22.3 

206.9 

137.6 

1.413 

6269 

Average 

33.78 

22.53 

1.521 

7778 

others.  Snyder  found  that  in  the  case  of  the  terrapin  the  value  of 
Qio  for  the  temperatures  0°  —  10°  to  be  10.2,  from  10°  —  20°  to  be 
2.2,  and  from  20°  —  30°  to  be  1.9. 

From  a  series  of  experiments  made  upon  the  hearts  of  embryo 
toad  fishes  we  obtain  the  average  values ^10  =  2.221  and  /^  =  13,216 
for  the  temperatures  9.9°  to  20.70  and  ^10  =  1.883  ^i^d  yu,  =  11,121 
for  the  range  of  temperatures  20.7°  to  30.6°  C. 
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VII.   Summary  and  Conclusions. 
An  examination  of  the  data  presented  in  the  foregoing  tables  shows : 

1.  That  the  rate  of  contraction  of  the  dorsal  blood  vessels  of  the 
worms  and  the  hearts  of  the  fishes  studied  is  modified  by  the  changes  of 
temperature  to  which  the  animals  are  subjected. 

2.  The  slower  rates  of  contraction  are  always  at  the  lower  tempera- 
tures and  the  faster  rates  at  the  higher  temperatures. 

3.  The  values  of  Qio  and  ^t  as  constants  of  reaction  velocity  are 
higher  for  the  range  of  temperatures  near  zero  and  gradually  decrease 
as  the  temperature  is  increased. 

4.  The  values  of  Qio  and  /^  for  the  different  animals  are  not  the 
same,  though  they  are  of  the  same  general  order  of  magnitude. 

5.  The  average  values  of  Qio  for  each  of  the  forms  studied  are  such  as 
would  be  expected  if  the  heart  beat  were  the  result  of  a  chemical 
reaction. 

6.  The  variations  in  the  values  of  the  constants  would  seem  to  indi- 
cate that  the  reaction  is  not  a  simple  one,  and  possibly  that  we  are 
dealing  with  a  series  of  reactions  which  at  the  different  temperatures 
are  affected  differently.  This  part  of  the  problem  involves  a  further 
study.^ 

7.  The  increase  in  the  value  of  the  coefficient  as  zero  is  approached 
is  entirely  in  harmony  with  the  observations  of  Riddle  upon  the  action 
of  certain  digestive  enzymes,  and  lends  force  to  a  suggestion  previously 
made  by  Loeb  that  the  heart  beat  may  be  in  fact  the  result  of  an  enzyme 
action. 

*  Since  writing  this  sentence  my  attention  has  been  called  to  the  statement  of 
Snyder:  This  journal,  1908,  xxii,  pp.  195-200,  in  which  a  similar  suggestion  is 
made.  The  conclusion  offered  here,  arrived  at  entirely  independently,  serves  to 
make  the  fact  all  the  more  certain. 
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I.  Introduction. 

TT  is  a  striking  fact  that  although  the  employment  of  alum  in  food 
^  products  is  prohibited  in  all  European  countries,  thousands  of 
pounds  of  alum  baking  powder  are  annually  sold  and  used  in  the 
United  States.  For  many  years  biologists  have  been  discussing  the 
objections  to  the  use  of  alum  in  food,  especially  to  its  use  as  a  pre- 
servative and  in  the  form  of  alum  baking  powder.  While  many 
contend  that  the  ingestion  of  alum  undermines  the  general  health, 
some  claim  that  this  substance  may  be  used  with  safety  in  the  amounts 
ordinarily  consumed.  In  view  of  the  fact  that  legislative  bodies,  and 
public  officials  dealing  with  food  products,  are  frequently  confronted 
by  this  problem  and  because  a  number  of  prominent  investigators  are 
still  endeavoring  to  solve  it,  the  question  may  well  be  regarded  as  a 
"  live  "  one. 

About  two  years  ago  Professor  J.  W.  Mallet  of  the  University  of 
Virginia  conducted  experiments  on  the  solubility,  in  the  stomach,  of 
aluminium  compounds  contained  in  bread  made  with  alum  baking 
powder.  On  finding  that  a  large  proportion  of  such  aluminium  is 
soluble  in  the  contents  of  a  normal  man's  stomach,  it  seemed  to  Pro- 
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fessor  Mallet  that,  in  accordance  with  our  knowledge  of  the  qualities 
of  similar  soluble  salts,  more  or  less  of  such  dissolved  aluminium  must 
pass  into  the  blood.  If  this  were  the  case,  he  considered  that  the  use 
of  alum  in  food  would  be  harmful. 

Appreciating  the  desirability  of  special  research  in  this  connection, 
Professor  Mallet  suggested  ^  that  Professor  Gies  conduct  experiments 
which  would  show  definitely  whether  aluminium  in  aluminized  food 
passes  from  the  ahmentary  tract  into  the  blood.  Accordingly  this 
investigation  was  undertaken  at  Professor  Gies's  suggestion.  The  en- 
tire series  of  experiments  was  carried  out  about  a  year  ago  under  his 
personal  supervision. 

II.   General  Description  of  the  Experiments. 

Nature  of  the  experiments.  —  The  investigation  consisted  of  fifteen 
experiments  on  dogs.  Eleven  of  the  experiments  pertained  to  the 
passage  of  aluminium  into  the  blood  from  aluminized  food,  and  four 
experiments  related  directly  to  the  passage  of  aluminium  from  the 
blood  into  the  feces.  In  Experiments  1-9  alum  was  administered  in 
powdered  form  in  "  meat-hash  pills.",  In  Experiments  10  and  11  bis- 
cuits baked  with  alum  baking  powder  were  fed.  In  Experiments  12 
to  15,  inclusive,  aluminium  chlorid,  in  physiological  saline  solution, 
was  injected  intravenously. 

Animals  and  environment.  —  All  the  experiments  were  performed  on 
full-grown,  normal,  healthy  dogs.  The  animals,  while  under  obser- 
vation, were  confined  in  cages  of  the  kind  now  in  constant  use  in  this 
laboratory.^ 

Food.  —  The  daily  food  of  the  animals  with  two  exceptions  (Ex- 
periments 10  and  11)  consisted  of  a  mixture  of  hashed  lean  beef,  lard, 
cracker  meal,  bone  ash,  and  water.  The  raw  beef  was  taken  from  large 
supplies  preserved  in  a  frozen  condition.^ 

In  Experiments  10  and  11  biscuits  prepared  with  alum  baking 
powder  were  substituted  for  the  cracker  meal  and  for  a  portion  of  the 
beef  hash.      The  biscuits,  which  were^  made  by  the  process  that 

^  Private  communication. 
2  Gies:  This  journal,  1905,  xv,  p.  403. 

^  Gies:  Ibid.,  1901,  v,  p.  235;  Proceedings  of  the  Society  for  Experimental 
Biology  and  Medicine,  1908,  vi,  p.  27. 
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Professor  Mallet  employed  in  his  experiments,^  were  baked  with 
special  thoroughness.  The  ingredients  were  mixed  in  the  following 
proportions:  ^ 

Flour 550  gm 

NaCI 8gm 

Sucrose 5  gm 

"  Bob  White  "  baking  powder i6gm 

Water Enough  to  make  a  biscuit  dough 

Methods  for  the  quantitative  determination  of  aluminium.  —  Before  starting 
the  experiments  on  the  absorption  of  aluminium  from  the  alimentary- 
tract,  I  made  a  careful  comparative  study  of  the  best  methods 
for  the  determination  of  aluminium.  After  several  trials  of  all 
the  standard  methods  had  been  completed,  the  method  adopted 
by  the  Association  of  Official  Agricultural  Chemists,^  with  a  shght 
modification,  was  chosen.  This  method  may  be  briefly  described  as 
follows : 

Obtain  an  aliquot  portion  of  the  available  acid  solution  (extract)  and  re- 
move any  contained  silica.  Mix  the  hquid  with  sodium  phosphate 
solution  in  excess  of  what  is  required  to  form  normal  aluminium  phos- 
phate. Add  ammonium  hydro'xid  solution  until  a  precipitate  remains 
after  thorough  stirring.  Then  add  hydrochloric  acid  solution,  drop  by 
drop,  until  the  precipitate  completely  dissolves  in  the  nuxture.  Heat 
the  liquid  to  about  50°  C,  and  mix  with  it  at  that  temperature  a  con- 
siderable excess  of  50  per  cent  ammonium  acetate  solution,  and  4  c.c. 
of  80  per  cent  acetic  acid  solution.  As  soon  as  the  precipitate  of  alu- 
minium phosphate  (mixed  with  iron  phosphate)  has  sedimented,  collect 
it  on  a  filter,  wash  it  with  hot  water,  ignite  it  and  then  weigh  the  residue. 
Fuse  the  ignited  material  (nuxed  phosphates)  with  ten  parts  of  sodium 
carbonate,  dissolve  the  fused  mass  in  dilute  sulfuric  acid  solution, 
effect  reduction  with  hydrogen  sulfid,  and  finally  determine  the  quan- 
tity of  iron,  if  any  is  present,  by  the  well-known  permanganate  method. 
In  the  same  solution  determine  the  phosphoric  acid.  To  obtain  the 
weight  of  AI2O3  subtract  the  sum  of  the  combined  weights  of  FeoOs 
and  P2O5  from  the  weight  of  the  mixed  phosphates. 

*  Private  communication. 

*  The  flour  contained  the  merest  trace  of  aluminium.  The  "  Bob  White  " 
brand  of  baking  powder  is  a  "  straight  alum  "  powder.  Our  sample  was  purchased 
in  the  open  market. 

«  U.  S.  Department  of  Agriculture,  Bureau  of  Chemistry,  Bui.  107,  1908,  p.  177. 
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This  method  was  followed  precisely  with  one  exception:  instead  of 
fusing  the  combined  phosphates  (after  ignition)  with  sodium  carbonate, 
the  iron  was  determined  by  the  Zimmerman-Rheinhardt  method  "  in 
an  ahquot  portion  of  the  original  acid  solution.  The  calculated  amount 
of  FeP04  was  subtracted  from  the  combined  weights  of  AIPO4  and 
FeP04.  Many  determinations  were  made  hy  this  method  on  mixtures  of 
pure  solutions  of  ferric  chlorid  and  alum,  and  perfectly  accurate  results 
were  obtained. 

The  oxidation  of  blood  (Experiments  i-ii)  was  effected  by  running 
the  blood  from  a  saphenous  artery  through  a  rubber  tube  directly 
into  a  tared  Kjeldahl  flask  and  weighing  to  determine  the  amount  of 
available  blood,  then  adding  concentrated  nitric  acid  solution  and 
heating,  slowly  at  first  and  finally  boiling,  until  the  solution  was  clear. 
A  moderate  excess  of  nitric  acid  solution  was  then  added  and  the 
liquid  boiled  down  to  a  small  volume.  The  fluid  was  then  treated 
with  a  fairly  large  volume  of  concentrated  sulfuric  acid  solution  for 
the  expulsion  of  the  nitric  acid  and  to  complete  the  oxidation  of 
the  residual  organic  matter.  When  necessary,  small  quantities  of 
ammonium  nitrate  were  added  from  time  to  time  to  facilitate  the 
oxidation  process. 

The  sulfuric  acid  mixture  was  boiled  for  at  least  two  hours  after  it 
became  colorless,  in  order  completely  to  eliminate  NO2.  The  residue 
was  then  dissolved  in  water  and  made  up  to  volume,  and  the  iron  and 
aluminium  determined  as  described  above.  The  blood  of  dogs  is  nor- 
mally free  from  aluminium,  as  this  method  showed. 

The  feces  (Experiments  12-15)  prior  to  the  precipitation  of  any 
aluminium  contained  in  them,  were  incinerated  in  a  platinum  dish. 
The  ash  was  dissolved  in  dilute  hydrochloric  acid  solution.  This 
solution  was  directly  subjected  to  the  analytic  procedure  described 
on  page  96. 

Anesthetic  employed.  —  In  order  to  avoid  any  disturbing  effects  of 
general  anesthesia,  a  local  anesthetic  was  employed  in  all  the  surgical 
operations.  Less  than  i  c.c.  of  a  2  per  cent  solution  of  cocain  was 
used  at  any  one  operation.  In  no  case  did  the  dog  exhibit  any  sign  of 
pain. 

^  Mixer  and  Dubois's  modification  of  the  Zimmerman-Rheinhardt  method, 
Journal  of  the  American  Chemical  Society,  1895,  xvii,  p.  405. 
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III.  Experiments   showing  that  Aluminium  passes   from   the 
Alimentary  tract  into  the  Blood. 

Eleven   experiments  were  performed   to    determine  whether   alu- 
minium passes  from  aluminized  food  into  the  blood. 

A.    When  aluminium  was  added  to  the  food  as  powdered   alum   in  meat- 
hash  pills. 

Experiment  i.  —  The  weight  of  the  dog  was  about  24.5  kilos.  He  was  given 
0.9047  gm.  of  alum  in  order  to  administer  an  equivalent  of  100  mg.  of 
Al203.^  Three  hours  after  feeding,  800  gm.  of  his  blood  were  taken. 
This  quantity  of  blood  contained  the  aluminium  in  1.3  mg.  of  ^\l203. 
(The  dog  was  used  in  Experiments  2  and  3.) 

Experiment  2.  —  Eight  days  later,  when  the  dog  used  in  Experiment  t  had 
practically  regained  his  normal  weight,  he  was  given  1.8094  gm.  of 
alum  (2  X  0.9047  gm.).^  Five  hours  after  feeding,  726  gm.  of  his  blood 
were  removed.  This  quantity  of  blood  contained  the  aluminium  in 
1.9  mg.  of  AI2O3.    (The  dog  was  used  in  Experiment  3.) 

Experiment  j.  —  Although  the  dog  used  in  Experiments  i  and  2  had  re- 
gained his  normal  weight  within  five  days,  no  alum  was  given  until 
eleven  days  after  the  termination  of  the  previous  experiment.  At  this 
time  the  dog  received  3.6188  gm.  of  alum  (4  X  0.9047  gm.)^  Seven 
hours  after  feeding,  857  gm.  of  his  blood  were  obtained.  This  quan- 
tity of  blood  contained  the  aluminium  in  5.9  mg.  of  AI2O3. 

Experiment  4.  —  A  dog  weighing  13.4  kilos  was  given  1.8094  gm.  of  alum 
(2  X  0.9047  gm.)^  Six  and  one  half  hours  later,  540  gm.  of  his  blood 
'were  withdrawn.  This  quantity  of  blood  contained  the  aluminium  in 
2.6  mg.  of  AI2O3. 

Experiment  5.  —  A  dog  weighing  19  kilos  was  given  3.6188  gm.  of  alum 
(4  X  0.9047  gm.).^  Seven  hours  later,  787  gm.  of  his  blood  were  sub- 
jected to  analysis.  This  quantity  of  blood  contained  the  aluminium 
in  10.9  mg.  of  AI2O3. 

Experiment  6.  —  A  dog  weighing  17  kilos  was  given  2.7141  gm.  of  alum 
(3  X  0.9047  gm.).^  Five  and  three-quarters  hours  later,  736  gm.  of  his 
blood  were  analyzed.  This  quantity  of  blood  contained  the  aluminium 
in  6.7  mg.  of  AI2O3. 

Experiment  7.  —  A  dog  weighing  17.6  kilos  was  given  3.6188  gm.  of  alum 
(4  X  0.9047  gm.).^    Six  and  one-half  hours  later,  738  gm.  of  his  blood 

*  This  quantity  of  AI2O3  was  selected  empirically.  It  is  less  than  the  equiva- 
lent amount  of  aluminium  which  is  often  ingested  by  one  person  in  the  aluminized 
bread  of  an  ordinary  meal. 
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were  collected.  This  quantity  of  blood  contained  the  aluminium  in 
3  mg.  of  AI2O3. 

Experiment  8.  —  A  dog  weighing  13.4  kilos  was  given  0.9047  gm.  of  alum 
daily  for  eight  days.  On  the  eighth  day,  six  hours  after  the  last  dosage, 
the  animal  was  bled  to  death.  One  thousand  and  fifty-eight  (1058)  gm. 
of  his  blood  were  available.  This  quantity  of  blood  contained  the 
aluminium  in  3  mg.  of  AI2O3. 

Experiment  g.  —  A  dog  weighing  10  kilos  was  given  0.9047  gm.  of  alum 
daily  for  eight  days.  On  the  eighth  day,  five  hours  after  the  last  dosage, 
the  animal  was  bled  to  death  and  996  gm.  of  his  blood  were  secured, 
This  quantity  of  blood  contained  the  aluminium  in  4.3  mg.  of  AI2O3.. 

B.  When  aluminium  was  administered  in  biscuits  baked  with  alum  baking 
powder.  —  In  two  experiments  (10  and  11)  the  dogs  ingested  portions 
of  the  same  supplies  of  meat,  lard,  and  bone  ash  that  were  available 
for  the  previous  experiments,  but,  instead  of  cracker  meal,  they  were 
given  alum  baking  powder  biscuits,  which  were  made  of  the  ingre- 
dients specified  in  the  summary  on  page  96.  The  biscuits  were 
very   thoroughly  baked. 

Experiment  10.  —  A  dog  weighing  13  kilos  was  given  daily, /or  ten  days,  about 
5  gm.  of  alum  baking  powder  (in  baked  biscuits).  On  the  tenth  day  he 
was  bled  to  death  and  650  gm.  of  his  blood  were  oxidized.  This  quantity 
of  blood  contained  the  aluminium  in  2.6  mg.  of  AI2O3. 

Experiment  11.  —  A  dog  weighing  ii.i  kilos  was  given  daily, /or  nine  days, 
about  4  gm.  of  alum  baking  powder  (in  baked  biscuits).  On  the  ninth 
day  he  was  bled  to  death  and  572  gm.  of  his  blood  were  analyzed.  This 
quantity  of  blood  contained  the  aluminium  in  1.5  mg.  of  AI2O3. 

The  essential  data  of  Experiments  i  to  11,  inclusive,  are  summarized 
in  Table  I. 

These  results  make  it  evident  that  aluminium  passes  into  the  blood 
in  considerable  amounts  from  alum  in  the  diet.  They  also  show  that 
aluminium  does  not  tend  to  accumulate  in  the  blood. 

These  analytic  data  apply,  of  course,  to  the  blood  only  at  the  moment 
of  its  removal  from  the  body.  Under  the  conditions  of  the  experiments, 
it  is  certain  that  aluminium  passed  into  and  from  the  blood  in  much 
larger  total  quantities  than  those  indicated.  In  Experiments  i  to  7, 
inclusive,  the  quantities  of  available  blood  ranged  from  2.9  per  cent 
to  4.3  per  cent  of  the  body  weight.    From  three  to  four  times  as  much 
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aluminium  as  the  quantity  shown  in  the  table  was  therefore  con- 
tained in  the  whole  volume  of  blood  of  the  corresponding  animal  at 
the  moment  of  bleeding  (Experiments  1-7). 

TABLE  I. 

Data  showing  the  Passage  of  Alumixium  from  the  Alimentary  Tract  into  the 

Blood. 


Exp. 
No. 

Weight 
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Time     - 
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and 
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weight  of 
FeP04  + 
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the  total 
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0.9644 
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3.2 
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1.3 
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1.8094 

5 

726 

0.8820 

4.5 

1.9 

3 

24.5 

3.6188 

7 

857 

0.9450 

14.1 

5.9 

4 

13.4 

1.8094 

6^ 

540 

0.7650 
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2.6 

5 

19.0 
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7 

787 

1.0170 

26.0 

10.9 

6 

17.0 

2.7141 

5% 

736 

1.3980 

15.0 

6.7 

7 
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6^ 

738 

0.8960 

7.0 

3.0 

8 
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0.9047 

6 
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1.1330 

7.1 
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9 
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5 
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4.3 

10 

13.0 

51 

6 
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0.7854 

6.2 
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11. 
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0.5136 

3.6 

1.5 
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er  in  biscuit 

s.             2 

See  the  para 

graph  on 
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The  results  of  Experiments  10  and  11  show"  clearly  that  the  aluminium 
in  alum  baking  powder  is  not  rendered  wholly  insoluble  in  the  bread- 
baking  process.  An  amount  of  aluminium  equal  to  that  recovered 
after  the  administration  of  plain  alum  in  powdered  form  (Experiments 
I  to  9  inclusive)  was  found  in  the  blood  of  the  dogs  that  received  the 
alum  baking  powder  biscuits.^ 

'  The  reader  is  again  reminded  of  the  fact  that  special  care  was  taken  to  sub- 
ject the  biscuits  to  very  thorough  baking. 
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IV.   Experiments   showing   that   AminNiuM   passes   from   the 

Blood  into  the  Feces. 

The  results  of  the  foregoing  experiments  suggest  that  aluminium 
was  not  only  absorbed  from  the  gastro-intestinal  tract  and  distrib- 
uted throughout  the  body  in  the  blood,  but  also  eliminated  fairly 
rapidly  from  the  circulation.  In  considering  the  matter  of  its  excretion 
from  the  body,  we  concluded  to  ascertain,  first,  whether  aluminium 

TABLE   II. 
Data  showing  the  Passage  of  Aluminium  from  the  Blood  to  the  Feces.i 
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during  the 

feces  during 

feces  during 

jected  alu- 

No. 

minium 
injected. 

3  days  fol- 

the 6  days 

the  3  days 

minium  that 

lowing  the 

previous  to 

following  the 

was  recov- 

injection. 

the  injection. 

injection. 

ered. 

kilos 

mg.  ofAljO.-j 

gm. 

mg.  of  Al;03 

per  ceot 

12 

10.0 

9 

67.5 

None 

1.0 

11.11 

13 

9.4 

18 

64.0 

None 

1.1 

6.11 

14 

8.2 

Z6 

47.5 

None 

1.9 

5.27 

15 

9.2 

82.8 

56.0 

None 

4.6 

5.55 

1  Adilu 

te  solution 

of  AljCIe  was 

injected  into  a 

saphenous  vein 

• 

passes  into  the  feces  after  the  parenteral  introduction  of  aluminium 
chlorid. 

The  animals  selected  for  four  experiments  in  this  connection  were 
normal,  vigorous  dogs  weighing  between  8  and  lo  kilos.  The  daily 
diet  was  similar  to  that  for  the  dogs  in  the  first  nine  experiments.  In 
each  case  the  animal  was  kept  on  our  standard  diet  for  about  ten  days 
before  the  feces  were  collected  for  analysis.  Thereafter  the  feces  for 
the  six  days  pre\dous  to  the  introduction  of  aluminium  were  care- 
fully analyzed  for  aluminium.  None  was  found  in  any  instance  in 
the  feces  passed  prior  to  the  injection. 

The  aluminium  salt  chosen  for  intravenous  injection  was  aluminium 
chlorid,  since  it  is  probable  that  aluminium  chlorid  is  produced  from 
aluminized  food  in  the  stomach.     A  dilute  solution,  containing  the 
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equivalent  of  0.9  of  a  milligram  of  AI2O3  per  cubic  centimetre,  was 
very  slowly  injected  into  a  saphenous  vein.^°  That  a  portion  of  the 
injected  aluminium  passed  from  the  blood  into  the  feces  under  these 
conditions  can  be  seen  from  the  results  of  our  four  experiments  as 
summarized  in  Table  II. 


V.   General  Conclusions. 

The  foregoing  results  justify  the  following  conclusions: 

1.  When  alum  was  administered  in  aluminium-free  food  to  dogs, 
or  when  dogs  ingested  biscuits  baked  with  alum-baking  powder, 
aluminium  in  comparatively  large  amounts  promptly  passed  into  the 
blood. 

2.  Absorbed  aluminium  circulated  freely,  but  as  it  did  not  show 
any  pronounced  tendency  to  accumulate  in  the  blood,  its  full  effects 
must  have  been  registered  outside  of  the  circulation, 

3.  When  aluminium  chlorid  was  administered  intravenously,  from 
5.55  per  cent  to  11. 11  per  cent  of  the  aluminium  passed  from  the  blood 
into  the  feces  during  the  three  days  immediately  after  the  injection. 
Whether  the  aluminium  passed  directly  through  the  walls  of  the  in- 
testine or  was  excreted  by  the  liver,  or  whether  both  channels  (or 
others)  were  followed,  has  not  yet  been  ascertained. 

It  is  Dr.  Gies's  purpose  to  extend  this  study .^^ 

^°  The  wound  healed  promptly  in  each  case. 

"  GiES :  Proceedings  of  the  American  Society  for  Pharmacology  and  Experi- 
mental Therapeutics,  Journal  of  pharmacology  and  experimental  therapeutics, 
191 1,  ii,  p.  403. 
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THE  EFFECT  OF  PARATHYROIDECTOMY  UPON 

METABOLISM. 

By  ISIDOR  GREENWALD. 

[From  the  Laboratories  of  Biological  Chemistry  and  Pathology,  of  Columbia  University,  at  the 
College  of  Physicians  and  Surgeons,  New  York.] 

I.   Introduction. 

THIS  investigation  was  undertaken  in  the  hope  that  a  compara- 
tive study  of  urinary  composition,  before  and  after  parathyroid- 
ectomy, would  reveal  any  metabolic  disturbances  that  result  from 
parathyroid  insuflficiency.  The  excretion  of  the  more  important  nitro- 
genous constituents  of  the  urine,  before  and  after  parathyroidectomy, 
was  first  studied.  No  marked  differences  were  observed.  This  nega- 
tive result  led  to  a  more  complete  study  of  the  excretory  products 
under  such  experimental  conditions,  in  the  course  of  which  a  very 
marked  change  in  the  phosphorus  metabohsm  was  noted.  Special 
attention  was  then  given  to  the  elimination  of  phosphorus  after  para- 
thyroidectomy. The  excretion  of  ammonia  in  the  urine  was  also  fur- 
ther investigated. 

In  spite  of  the  great  amount  of  research  on  the  physiology  of 
the  parathyroids,^  comparatively  Uttle  has  been  done  to  determine  the 
influence  which  their  removal  exerts  upon  metabolism.  Most  of  the 
previous  experiments  in  this  connection  have  been  performed  upon 
completely  thyroidectomized  animals,  and  it  is  difficult  to  determine 
which  of  the  observed  effects  were  due  to  the  removal  of  the  para- 
thyroid glands. 

In  1895  Dutto  and  Lo  Monaco  ^  noted  a  diminished  nitrogen  ex- 
cretion in  the  urine  of  a  dog  after  thyroidectomy,  but  no  importance  can 
be  attached  to  this  observation  because  the  nitrogen  excretion  had 

^  For  a  review  of  the  literature,  see  Biedl:  Innere  Sekretion,  Berlin,  1910. 
^  Dutto  and  Lo  Monaco:  Archives  italiennes  de  biologie,  1895,  xxiv,  p.  196. 
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been  decreasing  steadily  before  the  operation  and,  at  that  time,  prob- 
ably had  not  reached  the  level  of  nitrogen  ingestion. 

In  the  same  year  Roos  ^  reported  the  results  of  a  metabolism  ex- 
periment upon  a  thyroidectomized  dog.  Tetany  was  observ^ed  on  the 
second  day  after  the  operation,  but  the  dog  partially  recovered  after 
ingestion  of  sheep  thyroid,  and  lived  a  little  more  than  a  month,  with  a 
very  mild  degree  of  tetany.  The  symptoms  then  became  more  pro- 
nounced and  death  soon  followed.  The  urine  was  collected  daily  for 
twenty  days  after  the  thyroidectomy.  During  the  two  days  immedi- 
ately following  the  operation  the  amount  of  nitrogen  in  the  urine  was 
increased  while  the  chlorids  and  phosphates  were  diminished.  Averages 
for  the  periods  show  an  increased  excretion  of  nitrogen  and  chlorids, 
and  a  diminished  excretion  of  phosphates,  after  thyroidectomy. 

Ducceshi  "^  reported  an  increased  sulfur  output  and  a  higher  ratio  of 
neutral  sulfur  to  total  sulfur  in  the  urine  of  dogs  after  thyroidectomy. 
Ducceshi's  results  are  of  doubtful  value,  however,  because  the  analyses 
upon  which  he  based  these  statements  were  made  on  only  occasional 
specimens  of  urine,  and  most  of  the  dogs  ate  very  little  after  the 
operations. 

Verstraeten  and  Vanderlinden  ^  studied  the  nitrogen  excretion  after 
thyroidectomy  in  two  dogs  and  a  cat.  The  two  dogs  developed  tetany; 
the  cat  did  not,  but  died  in  a  state  of  cachexia  fifty-two  days  later. 
The  amounts  of  nitrogen  in  the  urines  of  the  dogs  after  the  operation 
were  very  much  greater  than  the  normal.  The  output  of  nitrogen  in 
the  urine  of  the  cat  diminished  gradually  but  steadily  until  the  death 
of  the  animal. 

A  number  of  experiments  upon  dogs,  cats  and  rabbits  were  made 
by  Ver  Ecke,^  who  found  that,  after  thyroidectomy,  there  was  a  de- 
creased excretion  of  urea,  which  he  estimated  by  the  h>pobromite 
method.  Urinary  phosphate  was  diminished  and  chlorid  was  generally 
increased  in  amount.  The  diminished  phosphate  excretion  was  noted 
in  all  the  experiments,  but  was  most  marked  in  those  in  which  tetany 

'  Roos:   Zcitschrift  fiir  physiologische  Chemie,  1S95,  xxi,  p.  ig. 

*  Ducceshi:  Archives  italiennes  de  biologic,  1896,  xxvi,  p.  209;  Lo  sperimen- 
tale,  1896,  1,  p.  190. 

*  Verstraeten  and  Vanderlinden:  Memoires  couronnes  de  Tacademie  royale 
de  medecine  de  Belgique,  1894,  xiii. 

*  Ver  Ecke:  Archives  internationelles  de  pharmacodynamie,  1898,  iv,  p.  81. 
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was  also  observed^  Ver  Ecke's  work  has  not  received  the  attention 
it  deserves.  The  fact  that  intoxication  by  a  product  of  metabolism 
may  be  indicated  by  a  diminished  excretion  of  the  same  has  apparently 
been  overlooked  by  workers  in  this  field. 

More  recently  Coronedi  and  Luzzatto  ^  noted  an  increase  of  the 
ammonia  in  the  urine  of  a  dog  after  removal  of  the  thyroids.  Under- 
hill  and  Saiki  ^  also  found  a  high  ammonia  output  iii  the  urine  of  fast- 
ing dogs  after  complete  thyroidectomy.  The  excretion  of  creatinin, 
creatin  and  allantoin  was  about  the  same  as  in  normal  fasting  dogs. 
A  few  analyses  showed  a  low  phosphorus  excretion,  which  Under- 
hill  and  Saiki  regarded  as  possibly  indicating  a  diminished  nuclear 
metabolism. 

An  increased  ammonia  excretion  after  thyroparathyroid-  and  para- 
thyroidectomy has  also  been  observed  by  MacCallum  and  Voegtlin/^ 
Berkeley  and  Beebe/^  and  Frouin.^^  The  last-named  author  also  re- 
ported an  increased  excretion  of  carbamic  acid,  which  he  considered 
the  causal  agency  in  the  production  of  tetany.  In  view  of  the  fact 
that  the  existence  of  carbamates  in  any  but  strongly  alkaline  urines  is 
open  to  question,  it  is  very  much  to  be  regretted  that  Frouin  did  not 
give  the  figures  he  obtained  nor  describe  the  method  he  used  for  the 
estimation  of  carbamic  acid. 

MacLeod  and  Haskins  ^^  did  not  find  carbamates  in  the  urine  of 
normal  dogs.  Ellinger  ^^  states  that  it  is  impossible  to  decide  whether 
the  carbamate  ion,  as  such,  is  excreted  by  the  kidneys,  or  is  formed  in 
the  urine  as  a  consequence  of  the  simultaneous  presence  of  ammonium 
salts  and  soluble  carbonates. 

MacCallum  and  Voegtlin  ^°  noted  an  increased  excretion  of  calcium 

">  Ver  Ecke's  paper  had  been  overlooked  in  a  study  of  the  literature  that  was 
made  before  the  beginning  of  this  investigation,  and  was  not  discovered  until  the 
literature  was  again  reviewed  after  the  experimental  work  had  been  concluded. 

^  Coronedi  and  Luzzatto:    Archives  italiennes  de  biologie,  1907,  xlvii,  p.  286. 

^  Underhill  and  Saiki:  Journal  of  biological  chemistry,  1908,  v,  p.  225. 

^^  MacCallum  and  Voegtlin:  Journal  of  experimental  medicine,  1909,  xi, 
p.  n8. 

"  Berkeley  and  Beebe:  Journal  of  medical  research,  1909,  xx,  p.  149. 

'^  Frouin:   Comptes  rendus,  1909,  cxiviii,  p.  1622. 

"  MacLeod  and  Haskins:   This  journal,  1905,  xii,  p.  444. 

"  Ellinger:  Oppenheimer's  Handbuch  der  Biochemie  des  Menschen  und 
der  Tiere,  Jena,  1910,  iii,  p.  569. 
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from  dogs  after  removal  of  the  parathyroids.  Cooke  ^^  could  not  cor- 
roborate their  findings,  but  reported  an  increased  output  of  magnesium. 
MacCallum  and  Voegtlin  '°  noted  a  high  content  of  ammonia  in  the 
blood  of  a  dog  in  tetania  parathyreopriva  as  compared  with  that  of  a 
normal  dog.  The  same  condition,  as  well  as  a  diminished  ammonia- 
destroying  power  of  the  liver,  was  found  by  Carlson  and  Jacobson  ^^ 
in  cats  and  foxes  in  tetany  after  complete  thyroidectomy.  These 
results,  together  with  the  fact  that  the  tetany  of  ammonia  intoxica- 
tion resembles  that  observed  after  parathyroidectomy,  led  Carlson 
and  Jacobson  to  believe  that  the  latter  type  of  tetany  may  be  due  to  a 
decreased  destruction,  by  the  liver,  of  ammonia  and  similar  sub- 
stances, which  then  accumulate  in  the  blood.  This  view  is  strength- 
ened by  the  results  obtained  by  Miss  Jacobson.^^  She  found,  that  the 
amount  of  ammonia  in  the  blood  of  cats  and  dogs,  in  which  the  intra- 
venous injection  of  ammonia  had  produced  symptoms  comparable  to 
those  observed  after  removal  of  the  parathyroids,  was  about  the 
same  as  that  present  after  thyroparathyroidect'  my. 


II.   Experimental. 

Nature  and  conduct  of  the  experiments.  —  We  conducted  six  meta- 
bolism experiments  on  as  many  dogs  weighing  from  4.7  to  11.7  kilos. 
The  animals  were  kept  in  some  of  the  metabolism  cages  now  in  regular 
use  in  the  laboratory  of  biological  chemistry.^^  The  food  consisted  of 
a  mixture  of  hashed  lean  meat  (prepared  according  to  the  method  de- 
scribed by  Gies  ^^),  cracker  meal,  pure  leaf  lard  and  water,  which  was 
given  in  one  meal.  Bone  ash,  which  is  regularly  added  to  the  diet  of 
dogs  in  the  biochemical  laboratory,  was  excluded  from  this  mixture. 
Although  Steel  and  Gies  -"^  and  Lothrop  ^^  have  shown  that  there  is 
ordinarily  no  appreciable  absorption  of  calcium  or  of  phosphoric  acid 

'^  Cooke:   Journal  of  experimental  medicine,  1910,  xii,  p.  45. 
"  Carlson  and  Jacobson:  This  journal,  1910,  xxv,  p.  403. 
'^  Jacobson:  This  journal,  1910,  xxvi,  p.  407. 
^^  Gies:   This  journal,  1905,  xiv,  p.  403. 

^'  Gies:  Ibid.,   1901,  v,  p.   235;  Proceedings  of  the   Society  of  Experimen- 
tal Biology  and  Medicine,  1908,  v,  p.  27. 
^0  Steel  and  Gies:  This  journal,  1907,  xx,  p.  343. 
-'  Lothrop:   This  journal,  1909,  xxiv,  p.  297. 
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from  ingested  bone  ash,  it  was  deemed  best  to  avoid  the  comphcations 
that  would  have  resulted  from  possible  exceptions  to  the  rule.  Kaolin 
(Eimer  and  Amend's  acid-washed)  and  infusorial  earth  (Eimer  and 
Amend's  finest  powdered)  were  used  instead  of  bone  ash  to  prevent 
diarrhea.  For  this  purpose  infusorial  earth  was  found  to  be  much 
superior  to  kaolin  and  very  nearly  as  effective  as  bone  ash. 

The  dogs  were  fed  daily  at  9  a.  m.,  and  the  twenty-four-hour  periods 
ended  at  9.15  A.  m.  The  cages  were  washed  daily  with  distilled  water, 
and  the  urine  and  cage  washings  were  made  up  to  a  uniform  volume. 
Thymol  was  used  as  a  preservative,  and  the  urines  were  kept  in  a  re- 
frigerator until  the  estimation  of  the  nitrogenous  constituents  had 
been  completed. 

Analyses.  Time  relationships.  —  In  the  first  three  experiments 
(Tables  I,  II,  and  III)  the  ammonia  was  determined  each  day  as  soon 
as  the  twenty-four-hour  urine  was  available.  The  estimations  of  total 
nitrogen,  urea,  and  creatinin  in  the  assembled  urines  were  begun 
promptly  after  the  appearance  of  s}TTiptoms  of  parathyroid  insuffi- 
ciency, and  were  completed  as  soon  thereafter  as  possible.  In  a  number 
of  the  assembled  urines  most  of  the  creatinin  had  apparently  been 
changed  into  creatin,  since  the  figures  obtained  for  the  former  were  very 
low.  Consequently,  determinations  were  made  of  the  sum  of  the 
creatin  and  creatinin  as  creatinin.^^  Phosphate  and  phosphorus  were 
determined  a  few  weeks  later. 

In  the  fourth  experiment  (Tables  IV-V)  the  estimations  of  the 
acidity,  ammonia,  creatin,  and  creatinin  were  begun  within  an  hour  of 
the  close  of  the  corresponding  period.  The  urea  was  determined  on 
either  the  day  of  elimination  or  the  next  day.  Turin  substances  were 
determined  within  five  days  of  the  date  of  urine  collection.  The  sulfate, 
sulfur,  chlorid,  phosphates,  phosphorus,  and  total  nitrogen  were  de- 
termined soon  after  the  close  of  the  experiment. 

In  the  fifth  and  sixth  experiments  the  determinations  of  ammonia 
and  inorganic  phosphate  were  begun  immediately  after  the  close  of  the 
period.    The  total  nitrogen  and  phosphorus  of  the  urine,  and  the  phos- 

22  A  change  of  creatinin  into  creatin  in  acid  dog  urines  preserved  with  thymol 
has  repeatedly  been  observed  by  the  author  and  by  other  workers  in  this  labora- 
tory. As  much  as  half  of  the  creatinin  may  be  transformed  into  creatin  within  a 
week. 
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phorus  of  the  feces,  were  determined  shortly  after  the  dose  of  the 
experiment. 

Methods.  —  The  analytical  methods  are  indicated  briefly  in  the 
appended  summary: 

Total  nitrogen:   KJeldahl-Gunning  method. 

Urea:  Benedict  method,^^  which  had  been  found  by  previous  ex- 
periment upon  dog  urines  to  give  results  that  were  from  0.3  to  1.5  per 
cent  lower  than  those  obtained  by  the  Folin  method. 

Ammonia:    Steel's  modification  of  the  Folin  method.^^ 

Purins:  Kruger-Schmidt  method,  with  the  modification  suggested 
by  Benedict  and  Saiki.^^ 

Creatinin  and  creatin:  Folin  methods. 

Total  sulfur:  Benedict  method.^^ 

Inorganic  and  total  sulfates:  FoHn  methods.-^ 

Phosphate :  In  the  first  four  experiments  by  titration  with  uranium 
acetate,  with  potassium  ferrocyanide  as  the  indicator;  in  the  last  two 
experiments  by  precipitation  with  magnesium  citrate  solution  as  de- 
scribed by  Mathison.^^  The  precipitate  produced  by  magnesium 
citrate  and  ammonium  hydroxide  in  the  urine  of  normal  dogs  is  crys- 
talline and  filters  readily.  In  the  urine  of  parathyroidectomized  dogs, 
however,  the  precipitate  is  contaminated  with  a  gelatinous  substance 
which  makes  filtration  difficult  and  thorough  washing  impossible.  If, 
however,  this  precipitate  is  filtered  from  the  bulk  of  the  liquid  and  is 
then  treated  with  hot,  dilute  hydrochloric  acid  solution,  the  ammo- 
nium magnesium  phosphate  is  dissolved.  From  the  solution  thus  ob- 
tained, the  phosphate  can  be  reprecipitated  by  means  of  magnesium 
citrate  solution  in  the  usual  manner.  The  interfering  substance  does 
not  dissolve  in  the  dilute  acid.  It  does  not  contain  an  appreciable 
amount  of  phosphorus. 

Phosphorus:  In  the  first  four  experiments  by  the  Liebig  alkali 
fusion  process,  precipitation  with  ammonium  molybdate  solution  and 
reprecipitation  as  NH4MgP04,  filtration  on  a  Gooch  crucible  and 
weighing  as  pyrophosphate;    in  the  last  two  experiments,  by  oxida- 

-^  Benedict:  Journal  of  biological  chemistry,  1910,  viii,  p.  405. 

^^  Steel:  Journal  of  biological  chemistry,  1910,  viii,  p.  365. 

25  Benedict  and  Saiki:  Journal  of  biological  chemistry,  1909,  vii,  p.  27. 

-^  Benedict:  Journal  of  biological  chemistr>',  1909,  vi,  p.  363. 

-7  Folin:  Journal  of  biological  chemistry,  1906,  i,  p.  131. 

2'  Mathison:  Biochemical  journal,  1909,  iv,  p.  233. 
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tion  with  sulfuric  and  nitric  acids  according  to  Neuberg,^^  filtration 
from  the  silica  (in  the  case  of  the  feces) ,  precipitation  with  ammonium 
molybdate  solution,  and  further  as  above. 

Acidity:  FoKn  method. 

Chlorid:  Volhard-Arnold-Salkowski  method. 

Tenth-normal  solutions  of  sulfuric  acid  and  sodium  hydroxide  were 
used  in  the  titrations.  All  determinations,  except  those  of  acidity,  cre- 
atinin,  creatin,  and  purin  substances,  were  made  in  duplicate,  unless 
otherwise  noted. 

The  surgical  operations  were  performed  in  the  laboratory  of  path- 
ology by  Dr.  W.  G.  MacCallum.  The  animals  were  completely  anes- 
thetized with  ether.  Strict  asepsis  was  observed,  and  the  wounds 
healed  by  primary  union. 

III.  Protocols  of  the  Experiments. 

First  experiment.  —  Beginning  on  March  29,  1910,  a  young  fox  terrier, 
weighing  4.7  kilos,  was  daily  fed  a  mixture  of  85  gm.  of  hashed  meat, 
29  gm.  of  cracker  meal,  16  gm.  of  lard,  7  gm.  of  kaolin,  and  150  c.c.  of 
distilled  water.  Four  parathyroids  were  removed  at  10.30  a.  m.,  April 
7,  1910.  Because  the  operation  was  soon  to  be  performed  the  dog  was 
not  fed  at  the  usual  hour  (9  a.  m.)  but  at  7.45  p.  m.,  at  which  time  re- 
covery was  apparently  complete.  Nothing  unusual  was  noted  on  the 
following  day.  On  the  morning  of  April  9  the  dog  ate  only  a  small 
portion  of  the  food.  Shortly  afterwards  a  slight  tremor  was  noticed. 
At  II  A.  M.,  by  means  of  a  large  spatula,  the  remainder  of  the  food  was 
placed  in  the  dog's  mouth  and  was  swallowed.  The  tremor  continued 
all  day.  On  the  following  morning  the  dog  would  not  take  food  from 
the  dish  and  was  fed  from  a  spatula  as  on  the  previous  day.  A  mild 
degree  of  tetany  was  present  during  the  day.  On  the  following  morn- 
ing there  was  no  tetany,  but,  as  the  dog  was  in  very  poor  condition, 
he  was  killed  with  chloroform. 

Second  experiment.  —  Beginning  April  10,  19 10,  a  young  brown-and- white 
mongrel,  weighing  5.7  kilos,  was  daily  fed  a  mixture  of  106  gm.  of 
hashed  meat,  28  gm.  of  cracker  meal,  17  gm.  of  lard,  7  gm.  of  kaolin, 
and  160  c.c.  of  distilled  water.  Parathyroidectomy  was  performed  at 
10.30  A.  M.,  April  19.  The  dog  recovered  rapidly  and  at  2  p.  m.  ate  his 
food  eagerly.    The  first  indications  of  tetany  appeared  at  10.30  a.  m., 
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April  21,  the  tetany  rapidly  increasing  in  severity  and  reaching  a  maxi- 
mum at  about  II  A.  M.  that  day.    At  2.30  p.  m.  the  dog's  condition 
seemed  sHghtly  improved,  but  death  occurred  at  about  2.45  p.  m.    Sixty 
c.c.  of  urine  were  obtained  from  the  bladder.    This  represented  the 
period  from  9  a.  m.  to  2.45  p.  m.  —  practically  sLx  hours. 
Third  experiment.  — Btgmmng  April  15,  1910,  a  young  mongrel  weighing 
9.25  kilos,  was  daily  fed  a  mixture  of  139  gm.  of  hashed  meat,  46  gm. 
of  cracker  meal,  28  gm.  of  lard,  10  gm.  of  kaoHn,  and  270  c.c.  of  dis- 
tilled water.    He  was  fed  at  the  usual  hour  (9  a.  m.)  on  April  22.    At  3 
P.  M.  four  parathyroids  were  removed.     Recovery  was  rapid.     Food 
was  taken  eagerly  on  the  23d  and  24th.    At  i  p.  m.,  April  24,  a  faint 
tremor  of  the  head  and  shoulder  muscles  was  noted.    The  tetany  grad- 
ually grew  more  severe,  general  convulsions  appearing  at  about  5.45 
P.  M.    At  6.10  p.  M.  the  dog  was  quiet,  only  a  very  slight  tremor  was 
noted,  and  respiration  was  30  per  minute;  at  6.20  p.  m.  it  was  only  15. 
At  6.25  p.  M.  respiration  ceased.     The  heart  continued  to  beat  two 
minutes  longer.    Two  minutes  after  the  heart  had  apparently  ceased 
beating,  the  left  leg,  previously  extended,  was  flexed  against  the  ab- 
domen and  again  extended.     The  entire  movement  took  about  thirty 
seconds.     The  tail  continued  to  move  for  several  minutes.    An  autopsy 
was  conducted  immediately.    All  the  abdominal  blood  vessels  and  the 
spleen  were  very  much  congested.     Otherwise  nothing  abnormal  was 
observed.     The  urine  in  the  bladder  was  expressed  and  added  to  that 
previously  voided. 

Fourth  experiment.  —  Since  two  of  the  dogs  in  the  first  three  experiments 
died  very  shortly  after  the  onset  of  tetany,  it  was  thought  advisable  to 
feed  less  meat  in  this  experiment,  as  it  is  the  general  opinion  among 
-observers  of  parathyroid  tetany  that  a  meat  diet  tends  to  increase  the 
severity  of  the  symptoms  and  to  hasten  their  appearance.  Accord- 
ingly a  male  black-and-tan  mongrel,  weighing  11.13  kilos,  was  daily 
fed  the  following  mixture,  beginning  May  27,  1910:  56  gm.  of  hashed 
meat,  90  gm.  of  cracker  meal,  zi  gm.  of  lard,  12  gm.  of  kaoHn,  and 
385  c.c.  of  distilled  water.  Parathyroidectomy  was  performed  at  11 
A.  M.,  June  5.    The  dog  was  fed  that  day  at  4  p.  m. 

At  8.30  a.  m.  the  next  morning  (June  6)  the  dog  vomited  about  30  c  c 
of  a  mucous  liquid  containing  a  few  small  pieces  of  undigested  meat.  At 
10  A.  M.  he  was  fed.  No  urine  was  voided  until  8.30  a.  m.  on  June  7 
The  dog  was  fed  at  9  a.  m.  on  that  day.  Two  hours  later  a  very  faint 
tremor  was  noticed.  This  increased  in  severity  very  slowly,  the  animal 
bemg  kept  under  close  observation  until  n  p.  m.  At  8.15  the  followincr 
mornmg  (June  8)  the  symptoms  were  more  marked,  but  the  food  was 
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taken  at  the  usual  hour  (9  a.  m.).  His  condition  gradually  grew  worse. 
At  I  p.  M.  there  was  marked  hyperpnea,  which  continued,  with  severe 
tetany,  during  the  afternoon.  He  quieted  somewhat  at  about  6.15 
p.  M.,  and  twenty-five  minutes  later  vomited  about  300  c.c.  of  a  slimy 
liquid  containing  several  pieces  of  undigested  meat.  The  twitching 
gradually  grew  less  marked,  at  midnight  being  less  severe  than  at 
8  A.  M.  At  midnight  he  drank  100  c.c.  of  water.  The  following  morning 
(June  9)  there  was  no  tetany,  but  the  dog  was  very  quiet.  He  did 
not  eat  the  last  of  his  food  until  5  P.  M. 

On  June  10  the  food  and  an  additional  150  c.c.  of  water  were  taken 
at  the  usual  hour.  Slight  twitching  began  at  11.30  a.  m.  and  gradually 
grew  more  marked.  The  limbs  were  rigidly  extended  at  5  p.  m.  and  re- 
mained so  until  after  11.45  ^-  ^'  At  2.30  a.  m.  (June  11)  the  dog  was 
noticeably  recovering  from  the  attack.  At  8.45  a.  m.  that  day  there 
was  comparatively  little  twitching,  but  food  was  declined.  The  dog 
drank  about  100  c.c.  of  water  but  vomited  it,  mixed  with  a  few  food 
particles  and  a  little  bile,  about  thirty  minutes  later.  The  twitching 
had  disappeared  at  6  p.  m.,  but  the  dog  would  not  eat.  The  food  was 
then  placed  in  his  mouth  with  a  large  spatula  and  was  swallowed. 
Half  was  given  at  6  p.  m.  and  half  at  9  p.  m.  At  the  latter  time  the  dog 
urinated.  At  11  p.  m.  he  drank  about  400  c.c.  water.  At  10  a.  m.  the 
next  morning  (June  12)  he  was  in  violent  tetany.  During  the  night 
he  had  vomited  about  300  c.c.  of  liquid,  contaminating  any  urine  that 
might  have  been  voided  after  9  p.  m.  The  tetany  grew  less  marked 
during  the  day,  disappearing  before  10  p.  m.  The  day's  food  was  then 
proffered,  but  the  dog  would  not  eat  it  voluntarily.  He  was  then  fed 
from  a  spatula  as  on  the  previous  day.  At  11.30  p.  m.  he  was  quiet 
and  the  food  had  been  retained. 

At  7.20  on  the  following  morning  (June  13)  a  mild  tremor  was  noted. 
Seventy-five  c.c.  of  bile-stained  vomit  were  found  in  the  cage,  but  no 
urine  had  been  voided.  The  cage  was  cleaned  and  at  7.45  the  dog 
urinated.  Absence  from  the  laboratory  made  it  impossible  to  close  the 
period  at  the  usual  hour.  At  1.20  p.  m.  there  was  some  additional  urine 
in  the  bottle  and  the  daily  period  was  now  closed.  Shortly  afterward 
the  dog  drank  200  c.c.  of  water.  At  3  p.  m.  he  rejected  food  and  an  at- 
tempt at  "  forced  "  feeding  was  unsuccessful.  The  tetany  had  been  in- 
creasing in  severity  during  the  day.  At  9  a.  m.,  June  14,  there  was  fairly 
general  twitching  of  the  muscles.  The  dog  would  not  take  food  but 
drank  150  c.c.  of  water.  At  11.30  a.  m.  he  urinated  and  the  daily  period 
was  closed.  At  5  p.  m.  tetany  was  more  severe.  The  next  day  (June 
15)  there  was  marked  twitching  of  the  muscles.    He  rejected  food  but 
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drank  water.  On  the  morning  of  the  i6th  the  dog  was  in  slight  tetany. 
The  urine  in  the  bottle  underneath  the  cage  was  contaminated  with 
fluid  feces.  At  lo  A.  m.,  494  gm.  of  raw  egg  were  given  by  stomach 
tube.  A  considerable  quantity  was  vomited  between  1.15  and  2.15 
p.  M.    The  dog  was  chloroformed  at  3  p.  m. 

Fifth  experiment.  —  A  young  female  mongrel,  weighing  9.1  kilos,  which 
had  been  daily  fed  a  mixture  of  105  gm.  of  hashed  meat,  30  gm.  of 
cracker  meal,  25  gm.  of  lard,  15  gm.  of  infusorial  earth,  and  250  c.c. 
of  distilled  water,  for  several  days,  was  subjected  to  the  usual 
operation  on  Dec.  5,  1910.  Four  typical  parathyroids  were  re- 
moved. The  dog  recovered  promptly  and  ate  the  day's  ration 
greedily  at  4.30  p.  m.  An  additional  quantity  of  water  (150  c.c.) 
was  given  at  this  time,  as  the  dog  appeared  to  be  very  thirsty.  The 
dog  was  fed  at  the  usual  hour  (9  a.  m.)  on  December  6  and  7. 
No  symptoms  of  tetany  were  noticed  until  noon,  on  December  7, 
when  the  animal  appeared  to  be  ill  at  ease,  brushing  her  forehead  with 
her  paws  in  the  manner  characteristic  of  parathyroidectomized  dogs. 
At  3.15  p.  M.  a  faint  tremor  was  noticed.  This  increased  in  severity, 
and  slowly  reached  a  maximum  at  8  p.  m.,  then  declined  somewhat. 
Tetany  was  present  all  day  on  December  8.  Food  was  declined,  but 
when  placed  in  the  mouth  was  swallowed.  In  this  manner  about 
three  fourths  of  the  ration  were  given.  The  dog  then  rejected  the  rest 
of  the  food.  The  same  condition  of  tetany  was  present  throughout 
the  following  day  (December  9).  No  food  was  taken  on  this  day. 
Tetany  was  present  on  the  morning  of  December  10,  and  the  meta- 
bolism experiment  was  then  concluded.  The  dog  was  chloroformed 
.later  in  the  day. 

Sixth  experiment.  —  A  young,  full  grown,  male  fox  terrier  weighing  10.7 
kilos  was  fed  the  following  mixture  daily,  beginning  Jan.  11,  1911:  164 
gm,  of  hashed  meat,  50  gm.  of  cracker  meal,  32  gm.  of  lard,  18  gm.  of 
infusorial  earth,  and  350  c.c.  of  water.  Parathyroidectomy  was  per- 
formed at  10  A.  M.,  January  19.  Recovery  was  not  very  prompt,  the  dog 
suffering  from  a  chill  all  afternoon.  At  10.30  p.  m.  he  was  quite  normal 
and  ate  the  day's  food  ravenously.  The  next  morning  he  was  perhaps  a 
little  quieter  than  was  usual,  but  otherwise  was  apparently  normal.  He 
ate  his  food  eagerly.  At  2  p.  m.  very  faint  twitcliing  was  noticed.  This 
was  quite  marked  at  3  p.  m.  At  this  time  there  was  also  some  saliva- 
tion. The  dog  was  then  anesthetized  with  ether  and  bled  to  death  from 
a  carotid  artery.  The  bladder  was  emptied  and  the  urine  thus 
obtained  was  added  to  that  previously  voided. 
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IV.  Discussion  of  Results. 

The  analytic  data  are  given  in  Tables  I-IX. 

Total  nitrogen-  ■ — •'The  excretion  of  nitrogen  remained  unchanged 
for  a  short  time  after  the  operation,  but  a  day  or  two  later  it  was,  in 
every  case,  except  in  the  fifth  experiment,  raised  above  that  observed 
before  parathyroidectomy.  This  increase  was  not  uniform  but  ranged 
from  about  10  per  cent  to  over  100  per  cent.  It  is  difficult  to  believe 
that  the  food  which  these  dogs  ate  provided  sufficient  energy  for  the 
very  great  amount  of  work  performed  in  tetany.  It  is  probable,  there- 
fore, that  the  high  nitrogen  excretion  was  due  largely  to  the  increased 
destruction  of  body  protein  which  ensued  to  supply  the  deficiency. 

Ammonia.  —  In  order  to  make  comparison  more  convenient,  the 
figures  representing  the  percentage  of  ammonia  nitrogen  in  the  total 
amount  of  urinary  nitrogen  have  been  brought  together  in  Table  VIII. 

With  only  two  dogs  (second  and  third  experiments)  was  an  increased 
ammonia  ratio  observed  before  the  appearance  of  tetany.  The  in- 
creases were  rather  shght.  In  the  one  case  (third  experiment) ,  during 
the  control  period  the  am^monia  nitrogen  varied  between  3.85  per  cent 
and  4.70  per  cent,  averaging  4.42  per  cent,  of  the  total  nitrogen.  On  the 
day  of  operation  it  fell  to  3.39  per  cent,  but  it  rose  to  6.02  per  cent  on 
the  following  day.  In  the  second  experiment  the  percentage  of  nitrogen 
as  ammonia  on  the  day  of  the  operation  dropped  below  the  minimum 
of  the  control  period  and  on  the  following  day  rose  1.04  per  cent  above 
the  maximum.  On  the  second  day,  however,  there  was  a  very  marked 
fall  in  the  ammonia  ratio.  As  the  dog  had  been  fed  that  morning,  this 
might  have  been  due  to  the  secretion  of  hydrochloric  acid  into  the 
stomach. 

In  the  first,  fourth,  and  fifth  experiments  the  ammonia  ratio  rose 
slightly  above  the  normal  with  the  appearance  of  tetany.  In  two  of 
these  experiments  it  fell,  on  the  second  day,  to  well  within  the  normal 
limits.  In  the  one  case  (first  experiment)  this  may  have  been  due  to 
recovery.  This  animal  displayed  rather  mild  s}TTiptoms,  which  disap- 
peared completely  before  the  close  of  the  second  day  after  the  oper- 
ation. It  is  possible  that  an  additional  parathyroid  had  hypertrophied 
sufficiently  to  compensate  for  the  removal  of  the  others,  or  that  the  ani- 
mal had  in  some  other  manner  become  immune  to  the  effects  of  the 
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parathyroidectomy,  and  that  the  poor  condition  of  the  dog,  as  was 
mentioned  above,  happened  to  be  an  accidental  circumstance. 

In  the  fourth  experiment  the  very  marked  fall  in  the  ammonia  ratio 
on  the  third  day  after  operation  may  have  been  due  to  the  considerable 
loss  of  hydrochloric  acid  with  the  vomit  on  that  day  (June  8).    The  in- 

TABLE  I. 
Urinary  Data.    First  Experiment. 


1910 
April 

Weight. 

Vol. 

Sp.  gr. 

Reaction. 

Nitrogen 

Total 

Urea. 

NH3. 

4 

kilos. 

4.70 

c.c. 

140 

1029 

litmus. 

Amphot. 

gm. 

3.378 

gm. 

2.830 

gzn, 

0.195 

5 

4.69 

150 

1026 

Amphot. 

3.248 

2.780 

0.177 

6 

4.70 

136 

1027 

Amphot. 

3.085 

2.725 

0.183 

7 

4.70 

176 

1025 

Amphot. 

3.707 

3.208 

0.156 

8 

4.64 

65 

1060 

Amphot. 

3.554 

3.077 

0.155 

9 

4.64 

96 

1037 

Amphot. 

3.541 

2.949 

0.160 

10 

4.64 

110 

1044 

Amphot. 

4.074 

3.062 

0.289 

11 

4.38 

156 

1031 

Amphot. 

3.457 

3.000 

0.201 

creased  ammonia  ratios  for  the  later  days  of  this  experiment  are  of  little 
significance.  These  increases  were  not  very  great.  Besides,  the  dog 
was  in  severe  tetany  most  of  this  time  and  received  comparatively 
little  food. 

The  very  slight  rise  in  the  ammonia  ratio  on  the  first  and  second 
days  of  tetany  in  the  fifth  experiment  was  followed  by  a  more  marked 
increase  on  the  third  day.  However,  the  animal  received  no  food  on 
this  day,  and  the  urinary  nitrogen  was  only  about  half  of  the  usual 
amount.  Very  probably  the  increased  proportion  of  nitrogen  excreted 
as  ammonia  was  due  to  this  fasting  condition. 

In  the  last  experiment,  neither  on  the  day  of  the  operation  nor  dur- 
ing the  six  hours  of  the  following  day  that  intervened  before  the  close 
of  the  experiment,  was  the  ammonia  ratio  as  high  as  the  average  for 
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the  control  period,  even  if  the  rather  high  figure  for  the  last  day  of  this 
period  be  omitted  from  the  calculation.  Indeed,  the  ammonia  ratio 
on  the  day  of  the  operation  was  considerably  lower  than  on  any  other 
day.  The  ammonia  ratio  for  the  day  after  the  operation  was  lower  than 
that  for  any  control  day  but  one. 

TABLE.  I. 
Urinary  Data.    First  Experiment. 


Nitrogen. 

Percentage  of  total  nitrogen. 

Phos- 
phorus in 
phos- 
phate. 

Creatinin 

and 
creatin. 

Urea  N. 

Ammo- 
nia N. 

Creatinin 

and 
creatin 

N. 

Unde- 
termined 
nitrogen. 

Remarks. 

gm. 

gm. 

per  cent. 

per  cent. 

per  cent. 

per  cent. 

0.110 

0.177 

83.79 

5.77 

3.26 

7.18 

0.106 

0.183 

85.59 

5.46 

3.28 

5.67 

0.099 

0.160 

85.07 

5.94 

3.22 

5.76 

0.114 

0.175 

86.54 

4.22 

3.86 

5.38 

• 

0.123 

0.110 

86.60 

4.35 

3.46 

5.74 

Operation   at    10.30 
A.  M.     April  7. 

0.141 

0.086 

83.25 

4.53 

3.98 

8.24 

0.139 

0.185 

75.15 

7.09 

3.41 

14.35  . 

Tetany. 

0.109 

0.184 

.     86.79 

5.81 

3.17 

4.23 

Tetany  part  of  period. 

These  experiments  did  not  point  to  intoxication  by  ammonia  as  the 
cause  of  tetany.  In  view  of  the  results  reported  by  other  observers, 
notably  by  MacCallum  and  Voegtlin,^°  by  Carlson  and  Jacobson,^^  and 
by  Jacobson/'^  it  was  considered  advisable  to  compare  the  content  of 
ammonia  in  the  blood  of  normal  and  parathyroidectomized  animals. 

Three  special  experiments  on  the  quantities  of  ammonia  in  the  blood  of  nor- 
mal and  parathyroidectomized  dogs.  —  In  order  to  obtain  blood  for 
comparison  from  animals  that  were  as  nearly  as  possible  in  the 
same  physiological  condition,  two  dogs  of  about  the  same  weight  were 
used  in  each  experiment.  At  9  a.  m.  daily  they  were  fed  a  mixture  of 
15  gm.  of  hashed  meat,  5  gm.  of  cracker  meal,  3  gm.  of  lard,  i  gm.  of 
infusorial  earth,  and 3 5  c.c.  of  water,  per  kilo.  After  not  less  than  three 
or  four  days  of  observation  under  normal  conditions  the  parathy- 
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TABLE  II. 
Urixary  Data.    Second  Experiment 


1910 
April. 

Weight. 

Vol. 

Sp.  gr. 

Reaction. 

Nitrogen. 

Total 

Urea. 

NH3. 

kilos. 

c.c. 

litmus. 

gm. 

gm. 

gm. 

14 

5.70 

170 

1018    , 

Amphot. 

2.882 

2.456 

0.115 

15 

5.70 

160 

1020 

Amphot. 

2.837 

2.500 

0.107 

16 

5.67 

134 

1026 

Acid 

3.501 

2.976 

0.143 

17 

5.73 

184 

1026 

Acid 

4.096 

3.504 

0.172 

18 

5.70 

184 

1023 

Acid. 

4.157 

3.530 

0.181 

19 

5.67 

184 

1025 

Acid 

4.193 

3.690 

0.163 

20 

5.69 

184 

1023 

Amphot. 

4.554 

3.953 

0.157 

21 

5.67 

205 

1022 

Acid 

4.521 

3.882 

0.244 

21p.m. 



•    .  .  . 





0.860 

0.531 

0.020 1 

1  Thes( 

;  figures  are 

based  upon 

TABLE   III. 
Urinary  Data.    Third  Experiment. 


1910 

April. 

Weight 

Vol. 

Sp.  gr. 

Reaction. 

Nitrogen. 

Total. 

Urea. 

NH3. 

Creatinin 

and 
creatin. 

18 

kllog. 

9.45 

c.c. 

225 

1025 

litmna. 

Acid 

5.166 

gm. 

4.244 

gm. 

0.242 

gm. 

0.151 

19 

9.45 

242 

1023 

Acid 

5.104 

4.296 

0.212 

0.151 

20 

9.47 

270 

1021 

Acid 

5.181 

4.448 

0.242 

0.112 

21 

9.52 

240 

1024 

Amphot. 

5.419 

4.537 

0.209 

0.111 

22 

9.47 

240 

1025 

.\mphot. 

5.601 

4.644 

0.263 

0.124 

23 

9.47 

160 

1033 

Amphot. 

5.048 

4.289 

0.171 

0.100 

24 

290 

1026 

Amphot. 

6.195 

5.046 

0.373 

0.161 

24  p.m. 







.... 

1  These  f 

gures  are 

based  upon 
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TABLE  II. 
Urinary  Data    Seconb  Experiment. 


Nitrogen. 

Phos- 
phorus in 
phos- 
phate. 

Percentage  of  total  nitrogen. 

Creatinin 

and 

creatin. 

Urea  N. 

Ammo- 
nia N. 

Creatinin 

and 

creatin 

N. 

Unde- 
termined 
nitrogen. 

Remarks. 

gm. 

0.114 

gm. 

0.162 

per  cent. 

85.22 

per  cent. 

3.99 

per  cent. 

3.97 

per  cent . 

6.82 

0.132 

0.169 

86.02 

3.76 

4.65 

5.57 

0.138 

0.178 

84.99 

4.09 

3.94 

6.98 

0.150 

.... 

85.55 

4.21 

3.67 

6.57 

0.156 

0.202 

86.43 

4.35 

3.75 

5.47 

0.142 

0.194 

88.01 

3.88 

3.39 

4.72 

0.154 
0.153 

0.092 
0.123 

86.79 
85.87 

3.45 
5.39 

3.38 
3.39 

6.38 
4.35 

Operation  10.20  a.m. 
April  19. 

0.046 

0.0361 

83.16 

2.351 

5.34 

9.15 

Tetany     9     A.  m. 
2.40  p.  M. 

to 

one  deter 

mination  only. 

TABLE   III. 
Urinary  Data.    Third  Experiment. 


Percentage  of  total  nitrogen. 

Remarks. 

Phosphorus. 

Urea  N. 

Ammo- 
nia N. 

Creatinin 
and  cr'tin 

N. 

Unde- 
termined 
nitrogen. 

Total. 

PO,. 

gm. 

gin> 

per  cent. 

per  cent. 

per  cent- 

par  cent- 

0.330  1 

0.308 

82.17 

4.69 

2.91 

10.23 

.... 

.... 

84.17 

4.16 

2.95 

8.72 

0.346 1 

0.304 

85.85 

4.68 

2.17 

7.30 

0.346 1 

0.304 

83.75 

3.85 

2.04 

10.40 

0.334 

0.335 

82.92 

4.70 

2.22 

10.16 

0.248 
0.059 

0.241 
0.060 

84.98 
81.44 

3.39 
6.02 

1.99 

2.58 

9.64 
9.96 

Operation    3    p. 
April  22. 

M., 



78.01 

6.001 

1.94 

14.05 

Tetany. 

one  determination  only.                                                                                                              1 
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TABLE   IV. 
Urinary  Dat.\.    Fourth  Experimevt. 


June. 
1910. 


1 
2 
3 

4 

5 

6-7 « 

8' 

98 

10  3 

1110 

12  11 
1312 
14" 
151^ 


Weight. 


kilos 

11.45 
11.55 
11.50 
11.57 
11.55 
11.60 

10.72 
10.98 
10.90 
10.'67 
10.50 
•10.25 
9.93 


Vol. 


c.  c. 

450 

345 

405 

315 

400 

390 

340 

174 

130 

245 

130^ 

210 

184 

190 


Sp.  gr. 


1015 
1015 
1017 
1016 
1016 
1024 
1017 
1043 
1047 
1043 
1055 
1026 
1027 
1028 


Reaction, 


Acidity. 

c.  c.  of 
N/10 
acid. 


Nitrogen. 


litmus 

Acid 
Acid 

Amphot. 

Amphot. 

Acid 

Slightly 
alkaline 
Slightly 
alkaline 
Slightly 
alkaline 

Amphot. 

Amphot. 
Acid 
Acid 

Amphot. 

Amphot. 


231 

215 

224 

138 

221 

2242 

200 

253 

210 

273 

259 
98.6 
80.2 

107 


Total 


gm. 

3.953 

3.018 

3.796 

2.912 

3.465 

3.311 

3.577 

4.053 ' 

4.374' 

7.615' 

5.631 » 

4.703 

4.463 

4.692 


Urea. 


gm. 

3.285 

2.605 

3.177 

2.471 

2.815 

2.703 

2.801 

3.321 

3.600 

6.198 

4.488 

3.703 

3.508 

3.552 


NH3 


gm. 

0.175 
0.094 
0.206 
0.155 
0.253 
0.167 
0.279 
0.067 
0.166 
0.381 
0.469 
0.300 
0.260 
0.284 


Crea- 
tinin. 


gm. 

0.126 
0.105 
0.139 
0.111 
0.146 
0.149 
0.135 
0.119 
0.102 
0.163 
0.111 
0.116 
0.118 
0.128 


Daily 


Fore  period  (June  1-5) 

From  operation  to  beginning  of  tetany 
(June  6-7) 

First  four  days  of  tetany  (June  8-11)     .    . 
Next  four-day  period  (June  12-15)  .    .    . 


206 

3.429 

2.871 

0.177 

0.125 

224 

3.311 

2.703 

0.167 

0.149 

234 

4.905 

3.980 

0.223 

0.130 

136 

4.872 

3.813 

0.328 

0.118 

1  One  determination  only.  Total  phosphorus  of  the  urines  of  June  3.  5,  and  9  was  not 
accurately  determined  because  only  small  quantities  of  urine  were  available. 

^  Per  day. 

'  Measured  volumes  of  the  urines  of  June  9,  10,  11,  12,  and  13,  in  volumetric  flasks, 
were  heated  on  a  water  bath,  acidified,  allowed  to  cool,  made  up  to  volume,  and  filtered. 
The  filtrate  was  used  for  the  determination  of  total  nitrogen,  urea,  purins,  etc.  The  resi- 
due was  washed  with  hot  water  and  a  nitrogen  determination  made.  The  amount  of 
albumen  was  calculated  by  multiplying  the  amount  of  nitrogen  found  bj-  6.25.  The 
figures  given  above  under  Total  Nitrogen  refer  to  non-coagulable  nitrogen  only. 

*  This  may  be  the  urine  of  part  of  the  period  only.  Sec  the  protocol  of  the  experiment, 
page  111. 
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TABLE  IV. 
Urinary  Data.    Fourth  Experiment. 


Creatin. 


Purin. 


gm. 

0.007 
0.011 
0.006 
0.006 
0.015 
0.027 
0.030 
0.138 
0.078 
0.162 
0.121 
0.095 
0.049 
0.029 


gm. 

0.0082 
0.0058 
0.0090 
0.0073 
0.0058 
0.0166 
0.0160 
0.0360 
0.0045 
0.0194 


Albu- 
men. 


gm 


0.827 

0.908 

2.673 

0.666 

0.1205 

trace 

trace 


Phosphorus. 


Total. 


gm. 

0.132  1 
0.2111 
0.1251 
0.187  1 
0.014 

0.2241 
0.348  1 
0.393  1 
0.422  1 
0.190 
0.2111 
0.2131 


POj. 


gm. 

0.213 

0.139 

0.197 

0.125 

0.173 

0.0145 

0.0186 

0.238 

0.310 

0.348 

0.381 

0.189 

0.202 

0.191 


Chlorin. 


gm. 

2.375 
1.230 
1.212 
1.454 
1.900 
1.152 
2.047 
0.981 
0.199 
2.481 
0.530 
1.321 
0.636 
0.516 


Sulfur. 


Total. 


gni. 

0.2671 

0.206 

0.203 

0.192 

0.230 

0.326 

0.216 

0.730 1 

0.250 

0.779 

0.317 

0.423 

0.274 

0.296 


Total 
SO.. 


gm. 

0.176 
0.125 
0.186 
0.126 
0.155 
0.227 
0.163 
0.496 
0.230 
0.399 
0.212 
0.303 
0.195 
0.218 


Inorg. 
SO,. 


0.145 
0.096 
0.122 
0.100 
0.130 
0.194 
0.145 
0.428 
0.198 
0.365 
0.197 
0.271 
0.178 
0.195 


Averages. 


0.009 
0.027 
0.102 
0.074 


0.0072 

•  •   ■  • 

0.169 

1.696 

0.220 

0.156 

0.0166 

.... 

0.014 

0.145 

1.152 

0.326 

0.227 

0.0291 

.... 

.... 

0.229 

1.678 

0.494 

0.322 





0.259 

0.241 

0.751 

0.328 

0.232 

0.120 
0.194 
0.284 
0.210 


5  Determined  by  the  Esbach  method. 
^  Parath3-roidectomy,  June  5,  11  A.  m. 
'  Mild  tetany. 

^  Marked  tetany  part  of  day.    Urine  contained  0.475%  of  albvunen. 
^  No  tetany.    Urine  contained  0.698%  of  albumen. 
1"  Tetany.    Bile  pigments  and  cellular  detritus  in  urine  containing  1.09%  of  albumen. 

11  Mild  tetany.    Bile  pigments,  cellular  detritus  and  spermatozoa  in  urine  containing 
0.51%  of  albumen. 

12  Violent  tetany.     No  bile  pigments  in  urine. 
1'  Mild  tetany.     First  fasting  day. 
"  Marked  tetany.     Second  fasting  day. 
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TABLE  V. 
Distribution  of  Nitrogen  and  Sulfur.^    Fourth  Experiment. 


1910 
June. 


1 

2 

3 

4 

5 
6-7 

8 

9 
10 
11 
12 
13 
14 
15 


Percentage  of  total  nitrogen. 


Urea 
nitro- 
gen. 


per  cent. 

83.12 
86.02 
83.65 
,  84.93 
81.22 
81.67 
78.30 
81.92 
82.31 
81.38 
79.70 
78.73 
78.61 
77.81 


Ammo- 
nia ni- 
trogen. 


per  cent. 

4.42 
3.17 
5.43 
5.33 
7.31 
5.03 
7.80 
1.66 
3.79 
5.00 
8.32 
6.38 
5.82 
6.06 


Crea- 
tinin 
nitro- 
gen. 


per  cent. 

3.19 
3.47 
3.65 
3.81 
4.22 
4.50 
3.78 
2.94 
2.33 
2.15 
1.97 
2.46 
2.63 
2.72 


Crea- 
tin 

nitro- 
gen. 


per  cent. 

0.17 
0.37 
0.17 
0.21 
0.41 
0.80 
0.83 
3.41 
1.78 
2.12 
2.14 
2.03 
1.11 
0.63 


Purin 

nitro'- 

gen. 


per  cent. 

0.26 
0.19 
0.24 
0.25 
0.17 
0.50 
0.45 
0.89 
0.10 
0.25 


Un- 
deter- 
mined 
nitro- 
gen. 


per  cent. 

8.84 

6.78 

6.86 

5.47 

6.67 

7.50 

8.84 

9.18 

9.69 

9.10 

7.87  2 

10.40  2 

11.83  2 

12.78  2 


Sulfur  percentages. 


Total  sulfur. 

Sulfate 
sulfur. 

Inorg. 
sulfate 
sulfur. 

per  cent. 

65.82 

per  cent. 

54.29 

60.66 

46.69 

91.64 

60.34 

65.45 

51.95 

67.32 

56.33 

69.61 

59.61 

75.23 

66.91 

67.97 

58.60 

92.06 

79.34 

51.17 

46.58 

66.97 

61.98 

71.58 

64.18 

71.12 

64.85 

73.77 

65.85 

Daily  Averages. 


1-53 

83.79 

5.13 

3.49 

0.26 

0.22 

7.11  . 

70.18 

53.92 

6-7^ 

81.67 

5.03 

4.50 

0.80 

0.50 

7.50 

69.61 

59.61 

8-11 6 

80.98 

4.51 

2.80 

2.04 

0.65 

9.18 

71.61 

62.86 

12-15" 

78.73 

6.64 

2.45 

1.49 



13.22  2 

70.86 

64.22 

'  See  remarks  in  Table  IV. 

'  Fore  period. 

6  First  four  days  of  tetany. 


2  Includes  purin  nitrogen. 

*  From  operation  to  beginning  of  tetany. 

"  Second  four  days  of  tetany. 
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roids  were  removed  from  one  dog.  Shortly  after  tetany  appeared,  the 
dog  was  anesthetized  with  ether  and  bled  from  a  carotid  artery.  Two 
or  three  samples  of  blood  were  run  into  weighed  flasks  containing  5  c.c. 
of  a  10  per  cent  solution  of  potassium  oxalate.  The  dog  was  then  ex- 
sanguinated, the  rest  of  the  blood  being  preserved  for  use  in  other  work. 
The  above-mentioned  samples  of  oxalated  blood  were  then  transferred 
to  an  apparatus  for  the  determination  of  ammonia  by  Folin's  method.^° 
The  period  of  aeration  was  eight  hours.  One-hundredth  normal  solu- 
tions of  sulfuric  acid  and  sodium  hydroxide  were  used  for  the  titra- 
tions, lodeosin  in  ethereal  solution  was  the  indicator.  The  control 
dog  was  bled  at  the  same  hour  a  few  days  later.  Table  X  summarizes 
the  results  obtained. 

The  results  obtained  from  a  given  sample  of  blood  did  not  always 
agree  very  closely.  It  is  quite  evident,  however,  that  in  these  experi- 
ments the  blood  of  dogs  in  tetania  parathyropriva  did  not  contain 
more  ammonia  than  the  quantity  present  in  normal  dog  blood  obtained 
under  similar  conditions. 

Urea.  —  The  percentage  of  nitrogen  excreted  as  urea  fell  consider- 
ably after  the  operations.  In  one  case  (first  experiment)  it  again  rose  to 
the  normal  but,  as  was  explained  above,  this  dog  had  apparently  re- 
covered from  tetany. 

Purins,  —  The  purin  excretion  in  the  one  experiment  in  which  it 
was  studied  (fourth  experiment)  was  greater  after  the  operation  than 
before.  This  increase  occurred  prior  to  the  appearance  of  tetany  and 
was  followed  by  a  further  increase.  Probably  some,  at  least,  of  this 
augmented  purin  output  was  due  to  the  muscular  work  involved  in 
tetany,  for  Burian  ^^  has  shown  that  severe  muscular  work  increases 
the  elimination  of  purin  substances. 

Creatinin.  —  The  creatinin  excretion  in  the  first  three  experi- 
ments showed  no  noteworthy  changes  other  than  an  increased  output, 
both  absolutely  and  relatively  to  the  total  nitrogen,  after  the  appear- 
ance of  tetany  in  the  second  experiment.  The  fourth  experiment,  in 
which  both  creatin  and  creatinin  were  determined  and  in  which  the 
dog  survived  for  a  comparatively  long  period,  yielded  rather  striking 
results.  In  the  urine  of  the  two-day  period  following  the  operation  both 
creatinin  and  creatin  were  increased,  but  after  the  onset  of  tetany  the 

'*^  Folin:  Zeitschrift  fiir  physiologische  Chemie,  1902,  xxxvii,  p.  161. 
^^  Burian:  Zeitschrift  fiir  physiologische  Chemie,  1905,  xUii,  p.  533. 
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absolute  output  of  creatinin  was  decreased,  while  that  of  creatin  rose 
rapidly  and  exceeded  that  of  creatinin.  On  the  last  four  days  the  crea- 
tin output  decreased  while  the  creatinin  excretion  remained  about  the 
same. 

Undetermined  nitrogen.  —  As  a  result  of  the  changes  in  the  excretion 
of  urea,  ammonia,  creatinin,  and  creatin,  the  ratio  of  the  "  unde- 

TABLE   VIII. 

Ratio  of  Ammonia  Nitrogen  to  Total  Nitrogen. 


E.xp. 

Days  before  the  operation. 

9 

8 

7 

6 

5 

4 

3 

2 

1 

1 

2 
3 
4 
5 
6 

per  cent. 

5.23 

per  cent. 

4.26 

per  cent. 

3.44 

per  cent. 

3.99 

4.04 
4.95 

per  cent. 

3.76 
4.69 

4.42 
5.02 

5.27 

per  cent. 

5.77 
4.09 
4.16 
3.17 
4.63 
. . . 

per  cent. 

5.46 

4.21 

4.68 
5.43 
5.34 
5.54 

per  cent. 

5.94 

4.35 
3.85 
5.33 
6.16 

5.87 

per  cent. 

4.22 
3.88 
4.70 
7.31 
4.15 
8.15 

Average 

5.11 

5.25 

5.40 

1  This  figure  pertains  to  urine  of  only  six  hours  and  is  based  upon  only  one  deter- 
mination. 

2  This  figure  pertains  to  urine  of  only  nine  hours. 

termined  nitrogen  "  to  the  total  nitrogen  rose  markedly  with  the  2^- 
pearance  of  tetany.  In  the  first  experiment  it  dropped  below  the 
normal  on  the  third  day  after  the  operation.  As  has  been  explained 
above,  this  is  possibly  connected  with  the  dog's  recovery  from  tetany. 
Chlorids.  —  The  excretion  of  chlorids  after  parathyroidectomy  was 
very  irregular.  Probably  the  loss  of  hydrochloric  acid  with  the 
vomit  had  considerable  influence  in  this  connection.  However,  the 
lowered  output  in  the  two-day  period  following  the  operation  cannot 
be  explained  in  this  manner,  for  the  volume  of  vomit  was  entirely  too 
small. 
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Sulfur,  —  The  excretion  of  sulfur  varied  so  greatly  from  day  to  day 
that  an  inspection  of  the  daily  records  discloses  nothing  characteristic. 
But,  if  the  averages  for  the  various  periods  are  examined,  we  see  that 
immediately  after  the  removal  of  the  parathyroids  the  total  sulfur 
output  rose  very  markedly.  The  increase  was  entirely  in  the  forms  of 
inorganic  sulfate  and  neutral  sulfur;   the  excretion  of  ethereal  sulfate 

TABLE  VIII. 

Ratio  of  Ammonia  Nitrogen  to  Total  Nitrogen. 


Day  of 

Days  after  the  operation. 

para- 

thyroi- 
dectomy. 

1 

per  cent. 

4.53 

2 
Tetany 
began. 

3 

4 

5 

6 

7 

8 

9 

per  cent. 

4.35 

per  cent. 

7.09 

per  cent. 

5.81 

per  cent. 

per  cent. 

per  cent. 

per  cent. 

per  cent. 

per  cent 

3.45 

5.39 

2.351 

3.39 

6.02 

6.00  2 

5.03 

5.03 

7.80 

1.66 

3.79 

5.00 

8.32 

6.38 

5.82 

6.06 

3.34 

4.41 

5.28 

5.41 

8.83  3 

4.39 

5.34^ 

3.99 

5.12 

5.70 

'  No  food  on  this  day. . 

*  Tetany  appeared  on  th 
obtained. 

e  day  following  the  operation.     Urine  of  only  six  hours 

remained  almost  unchanged.  The  increase  in  the  elimination  of  inor- 
ganic sulfate  was  proportionally  greater  than  the  rise  in  the  total  sul- 
fur excretion,  the  ratio  of  inorganic  sulfate  sulfur  to  total  sulfur 
changing  from  53.92  to  62.86  per  cent.  Beginning  with  the  seventh 
day  after  the  operation,  the  sulfur  and  sulfate  excretions  fell  consider- 
ably. The  decrease  in  the  amount  of  inorganic  sulfate  was  not  quite 
so  marked  as  that  of  the  total  sulfur,  and  consequently  the  ratio  of 
inorganic  sulfate  to  total  sulfur  rose.  The  excretion  of  ethereal  sulfate 
decreased  both  absolutely  and  relatively. 
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Beck  and  Benedict,^^  Munk,^^  and  Dunlap  and  collaborators  ^^  found 
that  severe  muscular  work  is  followed  by  a  very  considerable  increase 
in  the  output  of  inorganic  sulfates,  a  less  marked  rise  in  the  elimina- 


TABLE  IX. 

Excretion  of  Phosphorus  in  the  Urine. 


Form  of 

Days  before  the  operation. 

Exp. 

phospho- 
rus deter- 
mined. 

Method.i 

9 

8 

7 

6 

) 
5 

4 

• 

3 

2 

1 
2 
33 

Phos- 
phate 
Phos- 
phate 
Phos- 
phate 

Uran. 
acetate 

Uran. 
acetate 

Uran. 
acetate 

gm. 

gm. 

•  • 

0.162 

gm. 

0.169 
0.308 

0.177 
0.178 

gm. 

0.183 
0.304 

gin. 

0.160 
0.202 
0.304 

.3 

Total 

Liebig 

.  . 

.  . 

•  • 

• . 

0.330 

.  . 

0.346 

0.346 

4 

Phos- 
phate 

Uran. 
acetate 

•• 

0.213 

0.139 

0.197 

0.125 

44 
5 

Total 

Phos- 
phate 

Liebig 
Mathison 

0.213 

0.299 

0.322 

0.388 

0.320 

0.132 
0.331 

0.211 
0.259 

0.125 
0.207 

5 

Total 

Neuman 

0.215 

0.292 

0.339 

0.406 

0.377 

0.343 

0.307 

0.257 

6 

Phos- 
phate 

Mathison 

0.403 

0.422 

0.366 

0.401 

6 

Total 

Neuman 

, , 

, , 

, , 

0.420 

0.426 

0.398 

0.447 

Con- 
trol« 

Phos- 
phate 

Uran. 
acetate 

0.159 

0.233 

0.167 

0.143 

0.1726. 

1  See  page  108. 

2  This  is  about  one  fifth  c 

)f  the  twenty-four-hour  excretion  (estimated  from  the  nitro- 

gen  excretion).     One  determination  only. 

2  This  dog  was  operated 

Lipon  at  3  p.  M.,  after  having  been  fed  at  9  A.  m. 

^  Most  of  these  figures 

ire  based  upon  one  determination  only.    See  footnote  to 

Table  IV. 

tion  of  neutral  sulfur,  and  absolutely  no  change  in  the  ethereal  sulfate 
excretion.  Apparently,  then,  the  changes  observed  in  the  sulfur  ex- 
cretion on  the  six  days  immediately  following  the  operation  may  be 

'^  Beck  and  Benedict:  Archiv  fiir  die  gesammte  Physiologic,  1893,  liv,  p.  27. 
3'  Munk:  Archiv  fiir  Physiologic,  1895,  p.  385. 

^*  Dunlap,  Paton,  Stockman,  and  Maccadam:  Journal  of  physiology,  1897, 
xxii,  p.  68. 
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due  largely  to  the  excessive  muscular  activity  involved  in  tetany.  It 
is  significant  that  during  the  period  ending  April  10,  when  tetany  was 
absent,  the  sulfur  excretion  was  nearly  normal.     The  changes  that 

TABLE  IX. 
Excretion  of  Phosphorus  in  the  Urine. 


Day  of 

Days  after  the  operation. 

para- 
thyroi- 
decto'y- 

1 

1 

gm. 

2 
Tetany 
began. 

3 

4 

5 

6 

7 

8 

9 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

0.175 

0.110 

0.086 

0.185 

0.184 

, 

0.194 

0.092 

0.123 

0.036  2 

.... 

.  . 

0.335 

0.241 

0.060 

' 

0.334 

0.248 

0.059 

0.173 

0.0145* 

0.01456 

0.0186 

0.238 

0.310 

0.348 

0.381 

0.189 

0.202 

0.191 

0.187 

0.014  e 

0.014  6 

0.224 

0.348 

0.393 

0.422 

0.190 

0.211 

0.213 

0.270 

0.028 

0.026 

0.052 

0.230 

0.196 

0.270 

0.029 

0  028 

0.064 

0.254 

0.210 

0.301 

0.098 

0.058  7 

0.303 

0.110 

0.066  ■> 

0.172 « 

0.162 

0.175 

5  The  dog  was  anesthetized;  the  glands  exposed,  handled,  etc.,  but  not  removed. 

^  Determinations  made  in  the  forty-eight  hour  sample. 

'  Tetany  appeared  on  the  day  following  parathyroidectomy.     The  figures  for  this 

day  pertain   to   only  a  fraction   of   the   twenty-four-hour  vurine.       See  remarks   in 

Table  VI. 

occurred  toward  the  close  of  the  experiment  may  have  been  due  to 
the  lack  of  food,  for  Benedict  ^^  found  that  the  total  sulfur  output, 
and  the  proportion  excreted  as  neutral  sulfur,  may  be  diminished  in 
inanition.  However,  the  increased  sulfur  excretion  before  the  onset 
of  tetany  is  still  to  be  explained. 


^^  Benedict:  Influence  of  inanition  on  metabolism,  Washington,  1907,  p,  397. 
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Phosphorus.  —  By  far  the  most  remarkable  observation  in  these  experi- 
ments was  the  very  great  decrease  in  the  eUmination  of  phosphate  after 
parathyroidectomy.  This  was  noted  in  each  of  the  six  experiments, 
the  phosphate  excretion  falhng  to  not  more  than  50  per  cent,  and  to 

TABLE  X. 
Quantities  of  Ammonia  in  the  Blood  of  Normal  and  Parathyroidectomized  Dogs. 


Exp. 

Dogs  in  Tetany. 

Controls. 

Time 
since  op- 
eration. 

Time 

since  last 

meal. 

Time 

since 

tetany 

was  first 

observed. 

Ammonia 

in  100  gm. 

of  blood. 

Time  since 
last  meal. 

Ammonia 

in  100  gm. 

of  blood. 

I 

II 
III 

hours, 

30 
72 
50 

hours, 

6 
6 

7 

hours. 

1.5 
1.0     - 

2     ■ 

mg. 

0.660 
0.816 

0.538 
0.859 

0.676 
0.692 
0.724 

hours. 

6 

61      ■ 

7 

mg. 

1.297 

1.311 

1.314 

1.000 

0.984 

0.564 

0.905 

0.973 

0.873 

1  Ten  days  after  parathyroidectomy;  no  tetany. 

as  Httle  as  8  per  cent  of  its  former  amount.  This  decrease  was  not  ac- 
companied by  an  increased  output  of  organic  phosphorus  in  the  urine 
nor  by  an  increased  excretion  of  phosphorus  in  the  feces.  The  fact 
that  with  the  appearance  of  tetany,  or  soon  thereafter,  the  phospho- 
rus excretion  rose  to  the  normal  suggested  the  possibility  that  the 
diminished  phosphorus  output  was  due  to  the  anesthetic  or  other 
factors  incidental  to  the  operation.  Accordingly  a  normal  dog  was 
anesthetized  on  the  morning  of  July  18,  1910,  and  the  operation  per- 
formed in  the  usual  manner,  except  that  the  parathyroids  were  not 
removed.    Ether  was  administered  for  one  hour,  the  maximum  time 
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required  for  any  of  the  previous  operations.  The  phosphate  excretion 
in  this  dog  did  not  change  after  the  operation.^^  Apparently  then  the 
diminished  phosphorus  output  after  parathyroidectomy  is  related  to 
the  parathyroid  insufi&ciency. 

Engelman,^^  Klug  and  Olsavsky,^^  and  Paton,^^  found  that  excessive 
muscular  work,  particularly  if  the  subject  was  out  of  training,  was 
followed  by  an  increased  excretion  of  phosphoric  acid.  Klug  and 
Olsavsky  ^^  found  that  a  dog  weighing  5.25  kilos  excreted,  in  a  ten-day 
control  period,  an  average  of  0.3175  gm.  of  P2O5  per  day.  The  minimum 
was  0.24  gm.;  the  maximum  was  0.39  gm.  The  urine  of  the  work-day, 
upon  which  the  dog  ran  16  kilometres,  contained  0.57  gm.  of  P2O5. 
The  excretion  on  the  next  day,  which  was  spent  in  the  cage,  was  0.28  gm. 
Muscular  work,  then,  was  followed  by  an  increase  of  0.25  gm.  of  P2O5  in 
the  urine.  In  a  dog  weighing  1 1  kilos  the  increase,  at  the  same  ratio, 
would  be  0.53  gm.  of  P2O5  or  0.23  gm.  of  P.  As  the  work  involved  in 
tetany  is  much  more  severe  and  exhausting  than  that  performed  by 
the  dog  in  Klug  and  Olsavsky's  experiment,  it  is  quite  probable  that 
the  greater  part  of  the  phosphorus  excreted  after  parathyroidectomy 
by  the  dog  in  the  fourth  experiment  (in  which  the  increased  excre- 
tion of  phosphorus  after  the  appearance  of  tetany  was  most  marked), 
was  caused  by  the  tetany.  This  would  imply  that  the  tendency  to 
phosphorus  retention,  which  was  so  evident  on  the  first  three  days  of 
that  experiment,  persisted  until  the  death  of  the  animal.  That  the 
phosphate  excretion  was  not  increased  on  April  7-8  nor  diminished  on 
April  9-10  (fourth  experiment)  does  not  conflict  with  this  view,  for 
Paton  ^^  found  that  after  unusual  muscular  work  the  excretion  of 
phosphorus  is  not  increased  on  the  work-day  but  on  the  two  days 
following. 

V.   Summary  of  Results. 

The  following  results  were  obtained  in  the  experiments  on  parathy- 
roidectomized  dogs: 

I.  The  excretion  of  nitrogen  was  increased  only  after  the  appear- 
ance of  tetany. 

^®  A  similar  result  was  obtained  in  another  connection  in  this  laboratory  some 
years  ago.     See  Hawk  and  Gles:  This  journal,  1904,  xi,  p.  217. 
^'  Engelman:  Archiv  fiir  Anatomic  und  Physiologie,  1871,  p.  14. 
^^  Klug  and  Olsavsky:  Archiv  fiir  die  gesammte  Physiologie,  1893,  liv,  p.  21. 
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2.  The  ratio  of  urea  nitrogen  to  total  nitrogen  was  decreased. 

3.  The  proportion  of  the  total  urinary  nitrogen  excreted  in  the 
form  of  ammonia  was  increased  very  Httle,  if  at  all. 

4.  The  concentration  of  ammonia  in  the  blood  was  not  higher  than 
in  the  blood  of  normal  animals. 

5.  The  excretion  of  creatinin  remained  about  the  same  as  before 
operation,  or  was  slightly  diminished. 

6.  The  creatin  of  the  urine  was  very  much  increased. 

7.  The  purin  nitrogen  of  the  urine  was  increased. 

8.  There  was  an  increased  elimination  in  the  urine  of  nitrogenous 
constituents  of  unknown  nature  ("  undetermined  nitrogen"). 

9.  The  excretion  of  sulfur  in  the  urine  was  augmented,  the  increase 
being  chiefly  in  the  forms  of  inorganic  sulfate  and  neutral  sulfur. 

10.  There  was  a  very  marked  phosphorus  retention  on  the  first  few 
days  after  the  removal  of  the  parathyroids.  This  was  followed,  but 
not  until  after  the  appearance  of  tetany,  by  an  increased  excretion  of 
phosphorus. 

VI.   Conclusions. 

The  increased  excretion  of  nitrogenous  compounds  of  unknown 
nature  after  parathyroidectomy  may  be  due  to  diminished  activity 
of  the  liver.  However,  the  experiments  here  described  do  not  lend 
support  to  the  view  that  the  tetany  following  parathyroidectomy  is 
due  to  intoxication  by  ammonia  or  by  carbamic  acid. 

Since  the  diminished  excretion  of  phosphorus  is  the  most  striking 
change  in  the  metabolism  as  yet  observed  after  parathyroidectomy,  it 
is  probable  that  an  investigation  of  the  form  in  which  the  phosphorus 
is  retained  will  throw  some  light  on  the  function  of  the  parathyroid 
gland.    It  is  my  intention  to  make  such  a  study  in  the  near  future. 

It  is  a  pleasure  to  record  here  my  indebtedness  and  gratitude  to 
Prof.  W.  G.  MacCallum  and  to  Prof.  William  J.  Gies  for  the  invalu- 
able help  and  advice  they  freely  gave  me. 
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ADDENDUM. 

Several  days  after  the  foregoing  had  been  sent  to  the  editor, 
Cooke's  ^^  paper,  on  the  "  Changes  in  nitrogenous  metabolism  after 
parathyroidectomy,"  appeared.  Cooke's  results  may  be  summarized 
as  follows: 

1.  After  parathyroidectomy  and  partial  thyroidectomy  the  ex- 
cretion of  nitrogen  and  ammonia  was  increased.  The  ammonia 
ratio  was  higher  than  before  the  operation. 

2.  The  ratio  of  urea  nitrogen  to  total  nitrogen  was  diminished  to 
a  greater  extent  than  was  accounted  for  by  the  increased  ammonia 
excretion. 

3.  The  excretion  of  creatinin  remained  almost  unchanged,  but  the 
percentage  of  total  nitrogen  as  creatinin  was  markedly  diminished. 

4.  The  amino-nitrogen  (determined  by  Van  Slyke's  method) 
changed  with  the  total  nitrogen. 

5.  In  the  two  experiments  in  which  the  urines  were  examined  for 
the  presence  of  lactic  acid,  it  was  found  that  this  substance  ap- 
peared coincident  with  the  appearance  of  tetany. 

These  findings  accord,  in  part,  with  those  obtained  by  the  author. 
Very  marked  differences,  however,  exist  between  Cooke's  results  and 
the  author's  for  the  excretion  of  ammonia.  In  Cooke's  experiments 
the  ammonia  ratio  w^as  increased,  in  the  author's  exj)eriments  it  was 
not.  This  disagreement  is  probably  due  to  the  differences  in  the 
experimental  procedures.  The  fact  that  Cooke  used  partially  thy- 
roidectomized  animals  is  of  comparatively  little  significance,  for  Under- 
bill and  Hilditch  ^^  found  a  normal  ammonia  ratio  in  the  urines  of 
thyroidectomized  dogs  retaining  at  least  two  parathyroids. 

Cooke  used  fasting  animals  in  all  but  one  of  his  experiments.  The 
author  kept  all  his  dogs  upon  a  fixed  diet.  It  is  possible  that  the 
reaction  of  the  fasting  organism  to  removal  of  the  parathyroids  may 
be  somewhat  different  from  that  of  a  well-fed  animal.  In  the  fasting 
animal  it  is  more  probable  that  a  certain  degree  of  acidosis  would 
ensue.  Cooke  seems  to  think  that  the  high  ammonia  ratios  were  due 
to  an  increased  formation,  or  diminished  destruction,  of  organic  acids, 

'^  Cooke:  Joximal  of  experimental  medicine,  191 1,  xiii,  p.  439. 
■*"  Underbill  and  HnjJiTCH:  This  journal,  1909,  xxv,  p.  66. 


132  Isidor  Greenwald. 

such  as  lactic  acid.  The  fact  that  the  urines  obtained  after  para- 
thyroidectomy were  frequently  alkaline  indicates  that  this  is  not,  in 
itself,  a  sufficient  explanation. 

Another  important  point  of  difference  was  that  Cooke's  animals 
were  catheterized  daily,  whereas  the  author's  were  not.  Cooke  states 
that  cystitis  did  not  develop  in  any  of  his  dogs.  However  the 
absence  of  a  perceptible  cystitis  is  not  proof  that  there  was  not  a 
slight  infection  which  was  sufficient  to  increase  the  ammonia  ratio 
to  the  extent  observed.  Some  of  Cooke's  results  point  in  this  direc- 
tion. In  one  experiment  in  which  tetany  did  not  develop,  the 
ammonia  of  the  urine  was  greatly  increased.  Again,  in  another 
experiment  in  which  marked  tetany  did  appear,  the  ammonia  ratio  was 
not  at  all  increased.  There  is,  therefore,  nothing  in  Cooke's  results 
which  is  at  real  variance  with  the  conclusions  stated  above. 


FURTHER  STUDIES  ON  THE  NATURE  OF 
PARATHYROID  TETANY. 

By  a.  J.  CARLSON  and  CLAIL\  JACOBSON. 

[From  the  Hull  Physiological  Laboratory  of  the  University  of  Chicago.] 

'"T^HE  work  here  reported  was  undertaken  mainly  with  the  view 
-*-  of  further  testing  the  hv-pothesis  that  the  ammonia  in  the 
blood  is  a  factor  in  the  excitation  phenomena  following  parathyroid- 
ectomy. Previous  work  seemed  to  confirm  the  findings  of  MacCallum 
and  Voegtlin  ^  of  increased  anrmonia  in  the  blood  of  animals  in  para- 
thyroid tetany.^  There  seems  to  be  no  doubt  of  the  absolute  and 
relative  increase  of  ammonia  in  the  urine  in  parathyroid  tetany.  This 
fact  would  demand  some  increase  in  the  blood  ammonia,  but  this 
increase  may,  of  course,  be  too  slight  to  be  determined  by  our  present 
methods.  The  similarity  of  the  s>Tnptoms  to  those  of  meat  poisoning 
in  Eck  fistula  dogs,  and  the  fact  that  the  s>Tnptoms  seem  to  be  intensi- 
fied by  meat  feeding,  suggested  that  the  removal  of  these  glands  leads, 
directly  or  indirectly,  to  depression  of  the  liver  and  consequent  ap- 
pearance of  toxic  products  of  protein  metabolism  in  the  blood.  Some 
work  already  reported  points  to  depression  of  the  liver  functions, 
but  before  proceeding  further  in  the  study  of  the  liver  activity  in 
parathyroidectomized  animals,  it  seemed  necessary  to  make  a  more 
detailed  comparative  study  of  ammonia  and  parathyroid  tetany. 
Notwithstanding  the  difliculty  in  dift'erentiating  between  primary 
and  secondary  factors  in  the  symptom  complex,  and  elements  of  uncer- 
tainty in  conclusions  as  to  curative  measures,  because  of  the  periodi- 
city of  the  symptoms,  our  present  results  indicate  that  the  disturb- 
ance following  parathyroidectomy  involves  the  digestive  tract  and  the 
circulatory  system,  and  that  none  of  the  curative  measures  (save 
transplantation)  that  have  been  so  far  found  to  be  temporary  palHa- 
tives  have  specific  significance. 


^  MAcCALLUMand  Voegtlin:  Journal  of  experimental  medicine,  1909,  xi,p.  118. 
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^  Carlson  and  Jacobson:  This  journal,  1910,  xxv,  p.  403;  xxvi,  p.  407. 
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I.  The  Influence  of  Calcium  Salts  on  the  Ammonia  Content 

OF  the  Blood. 

I .  The  action  of  calciixm  salts  in  parathyroid  tetany.  —  The  great  amount 
of  experimental  work  on  the  action  of  calcium  salts  on  animal 
tissues,  normal  as  well  as  pathological,  indicates  a  general  de- 
pressor action.  The  vertebrate  heart  is  a  possible  exception,  and 
other  exceptions  are  recorded  from  time  to  time  in  the  case  of  tissues 
rendered  abnormal  by  the  addition  or  withdrawal  of  other  salts.  Of 
particular  interest  in  this  connection  are  the  observations  of  Sab- 
batani,^  Roncoroni,^  and  MacCallum  and  Voegtlin.^  Roncoroni  showed 
that  the  reduction  of  calcium  in  the  circulating  blood  of  the  brain  by 
the  use  of  a  substance  supposedly  non-toxic  in  itself,  increases  the 
excitability  of  the  motor  zone  of  the  cortex,  provoking  epileptiform 
phenomena,  and  that  these  in  turn  are  suppressed  by  adding  calcium 
to  the  circulating  fluid.  MacCallum  and  Voegtlin  showed  that  it  is 
possible  to  temporarily  suppress  the  symptoms  following  parathy- 
roidectomy by  injecting  calcium  salts.  Berkeley  and  Beebe  ^  con- 
firmed these  results,  and  in  addition  found  that  salts  of  the  chemically 
closely  allied  substance,  strontium,  had  a  similar  and  equally  pro- 
nounced effect.  Biedl  ^  reports  similar  results,  but  he  does  not  find 
that  these  salts  prolong  the  life,  despite  the  suppression  of  the  excita- 
tion symptoms. 

Our  present  series  of  experiments  were  made  on  dogs.  Both  thyroids 
and  parathyroids  were  removed.  Calcium  lactate  in  5  per  cent  con- 
centration was  used,  and  the  injections  made  intravenously  in  all 
cases.  The  following  protocols  illustrate  the  dependence  of  the  action 
on  the  relative  severity  of  the  tetany  symptoms: 

Experiment  No.  3.  —  Medium-sized  dog. 

Nov.  29.  Complete  thyroid-parathyroidectomy. 

Dec.     I,  8.30  A.  M.    Tetany,  tremors  in  all  muscles;  snapping  of  jaws; 

rapid  heart  and  respiration. 

^  Sabbatani:   Rivista  sperimentale  di  Feniatria,  1901,  xxviii,  p.  946. 

*  Roncoroni:  Archives  italiennes  de  biologic,  xlii,  p.  472. 

*  MacCallum  and  Voegtlin:  Loc.  cit. 

^  Berkeley  and  Beebe:  Journal  of  medical  research,  1909,  xx,  p.  149. 
^  Biedl:  Innere  Sekretion,  Berlin,  1910. 
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9.22  A.  M.    10   c.c.    Ca  ;     heart  slower;     respiration  slower; 
tetany  and  tremors  diminished. 

9.40  A.  M.  10  c.c.  Ca;  complete  cessation  of  tetany  and  dis- 
appearance of  tremors;  depressed  and  sleepy. 
3.30-5.00  P.  M,  Few  transitory  spasmodic  contractions  of  shoulder 
muscles  and  slight  tremors  at  intervals,  respira- 
tion slow  and  deep,  strong  diaphragm  contrac- 
tions with  each  heart  beat. 
Dec.   2,  3.00  p.  M.    Tetany;   tremors;   salivation. 

3.10  p.  M.    10  c.c.  Ca  injected. 

3.35  p.  M.    10  c.c.  Ca  injected. 

Between  these  two  injections  and  following  them, 
there  were  several  convulsions;  tremors  and 
salivation  were  still  present.  4  p.  m.  the  dog 
died  in  a  \'iolent  tetanic  convulsion  with  respira- 
tory standstill,  artificial  respiration  pro\dng  of 
no  avail. 

Experiment  No.  6.  —  Dog;  weight,  8  K. 

Dec.  6.  Complete  thyroid-parathyroidectomy. 

Dec.  7.  In  good  condition. 

Dec.  8,  4.00  p.  M.    Rapid    respiration ;    salivation ;    tremors    in     all 

muscles. 
8.00  p.  M.    Vomiting;  rapid  respiration;  salivation;  tremors. 
20  Ca  injected;   symptoms  disappeared. 
Depression  and  slight  tremors. 
Tremors;    20  c.c.  Ca;    tremors  ceased. 
Slight  tetany,  tremors  and  irregular  respiration; 

20  c.c.  Ca;  tremors  ceased. 
Tremors   pronounced;    respiration   rapid;   weak, 

staggering  gait. 
14  c.c.  Ca;  tremors  ceased. 

Extreme  depression;  tremors;  20  c.c.  Ca;  tremors 
immediately    disappeared;     depression    notice- 
ably less  profound. 
Tremors;    irregular  respiration;    depression;    20 

c.c.  Ca;   cessation  of  symptoms. 
Quite  normal;    ate  quantity  of  meat. 
Tremors  and  dyspnoea;   14  c.c.  Ca;  cessation  of 
symptoms. 
Dec.  13,  8.30  p.  M.    Tetany  and  tremors;   20  c.c.  Ca;   symptoms  less 

severe. 


Dec. 

9,     5.00  P.M. 

Dec. 

10,    8.30  A.  M. 

8.30  P.  M. 

Dec. 

II,  9.30  A.  M. 

12.30  P.  M. 

8.30  P.  M. 

Dec. 

12,  8.30  A.  M. 

12.30  P.  M. 

2.00  P.  M. 
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Dec.  14,11.45  A.M.    Profound   depression,  irregular   respiration,  tre- 
mors; 20  c.c.  Ca;  tremors  persisting. 
12.30  P.M.    Animal    died    in    convulsions,    but    not    extreme 
tetany. 

Experiment  No.  8.  —  Medium-sized  dog. 

Dec.  5,    3.00  p.  M.     Complete  thyroid-parathyroidectomy. 
Dec.  6,    8.30  A.  M.     Apparently  normal  condition. 

11.30  p.  M.     Respiration  irregular  and  labored;   strong  muscu- 
lar tremors.     18  c.c.  Ca  injected,  followed  by 
normal    respiration,    slow    heart,    and    entire 
relief    from    the   muscular    symptoms    in   five 
minutes. 
Dec.  7,  3.40  p.  M.     Tetanic  contractions  of  fore  and  hind  leg  muscles. 
4.25  p.  M.     15    c.c.    Ca   injected,    complete    and    immediate 
cessation  of  symptoms. 
Dec.  8,    9.00  A.  M.    Violent  tetany;    15    c.c.    Ca;  symptoms    ceased 

and  animal  ate  some  meat. 
Tremors  present  and  respiration  very  rapid. 
20  c.c.  Ca  injected;    respiration  slower;   tremors 

disappeared  within  five  minutes. 
15  c.c.  Ca  injected  as  prophylactic. 
Tetany;    strong  contractions  of  extensors. 
20  c.c.  Ca;  prompt  suppression  of  tremors. 
Slight  tremors,  20  c.c.  Ca;  cessation  of  symptoms. 
Irregular  respiration   and  tremors;     20   c.c.   Ca; 

tremors  ceased. 
Irregular  respiration;  15  c.c.  Ca;  tremors  ceased. 
Slight  tremors;    20  c.c.  Ca;   tremors  ceased. 
Severe  tetany;    tremors;  snapping  of  jaws;    dys- 
pyncea.      15  c.c.  Ca;    gradual  cessation  of  the 
symptoms. 
Intermittent  violent  tetanic  spasms  with  respira- 
tory   standstill,    tremors   pronounced;    animal 
apparently  very  weak.     20  c.c.  Ca;  immediate 
and  striking  relief. 
Dec.  12,  8.30  A.  M.     Tremors;    tetany  and  convulsions  with  respira- 
tory standstill;   rapid  and  irregular  respiration, 
20  c.c.  Ca;    gradual  cessation  of  symptoms. 
2.00  p.  M.     Tremors  and  dyspnoea. 

8.00  p.  M.     Slight   tremors,   great   depression.      15   c.c.    Ca; 
some  improvement. 
Dec.  13,  8.30  A.  M.    Animal  found  dead. 
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It  seems,  from  these  experiments  and  others  in  this  series,  that  in 
the  later  stages  of  the  parathyroid  tetany  calcium  in  larger  and  more 
frequent  doses  is  necessary  to  suppress  the  s>Tnptoms,  and  that  finally 
even  large  quantities  of  calcium  salts  introduced  into  the  circulation 
will  not  prevent  death  in  convulsion  or  tetany.  The  fact  remains, 
however,  that  in  the  initial  and  in  some  very  acute  stages  of  parathyroid 
tetany  the  calcium  salts  do  temporarily  suppress  the  symptoms,  and 
that  in  this  manner  the  life  of  the  animal  is  undoubtedly  prolonged. 

2.  The  ammonia  content  of  the  blood  in  parathyroid  tetany  before  and 
after  calcium  injection.  —  In  previous  work  an  increased  amount  of 
ammonia  has  been  found  in  the  blood  of  animals  in  parathyroid 
tetany.  This  led  us  to  the  working  h>pothesis  that  the  s>TTiptoms 
are  in  part  due  to  ammonia  intoxication.  If  this  is  the  case,  the  cal- 
cium may  act  (i)  by  increasing  the  ehmination  of  ammonia;  (2)  by 
indirect  neutralization,  or  C3)  by  depression  of  the  tissue.  Muirhead 
and  Abel  ^  found  that  calcium  injected  subcutaneously  or  intraven- 
ously is  excreted  as  calcium  carbamate.  The  close  chemical  relation- 
ship between  calcium  carbamate  and  ammonium  compounds  (espe- 
cially the  carbonate)  suggests  the  possibihty  of  the  conversion  of  excess 
of  ammonium  carbonate  or  carbamate  into  calcium  carbamate  which 
may  be  less  toxic  or  more  readily  excreted  than  are  the  ammonium 
salts.  On  the  other  hand,  the  calcium  salts  may  directly  stimulate 
the  kidney  cells  to  ehminate  ammonium  salts.  This  does  not  seem 
probable  in  view  of  the  fact  that  an  increased  calcium  content  of  the 
blood  tends  to  diminish  the  secretion  of  urine.  The  calcium  may 
detoxicate  the  blood  indirectly  by  stimulation  of  the  liver.  In  any  of 
these  cases  a  blood  analysis  should  show  a  decreased  ammonia  con- 
tent. To  test  the  hypothesis,  blood  samples  were  drawn  from  dogs  in 
tetany  and  again  immediately  after  the  symptoms  had  been  sup- 
pressed by  calcium  injections.  In  the  first  part  of  the  work  the  analyses 
were  made  according  to  the  old  method  of  FoUn  (using  n/$o  solutions 
for  titrations  instead  of  the  n/20  he  advises).  The  results  of  these 
analyses  are  given  in  Table  1.  These  experiments  were  repeated  using 
Nessler's  reagent  instead  of  titrating,  to  determine  the  amount  of 
ammonia  recovered.  The  results  of  this  series  are  given  in  Table  II, 
together  with  results  from  samples  of  normal  blood  analyzed  by  this 

*  Muirhead  and  Abel:  Archiv  fiir  experimen telle  Pathologic  und  Phar- 
macologie,  i8g2,  xxxi,  p.  15. 
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method.  It  seems  dear  from  these  experiments  that  calcium  does  not 
appreciably  decrease  the  amount  of  ammonia  in  the  blood  in  parathyroid 
tetany,  even  though  it  completely  suppresses  the  excitation  symptoms. 

TABLE  I. 

Ammonia  Content  of  the  Blood  as  determined  by  Folin's  Method. 


Normal  Dogs. 

_    ,           Parathyroidectomized  Dogs 

No. 

Mgr.  NH3  per 
100  c.c. 

No. 

Mgr.  NH3  per  100  c.c.  blood  in 

animals 

with  tetany 
symptoms. 

whose  symptoms 
have  been  sup- 
pressed by  Ca. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

•  • 

•  • 

1.36 
1.52 
1.42 
1.38 
1.63 
1.42 
1.22 
1.37 
1.45 
1.32 

•  •  •  • 

•  •  *  • 

1 
2 

.  ib 
3c 
U 
3e 

4b 
4c 
5a 
5b 
5c 
5d 

1.93 
2.02 
2.66 
2.94 
2.44 
1.84 
2.29 
1.66 
1.90 
2.19 
2.24 
1.66 
1.67 
1.71 

1.30 
2.12 
2.59 
2.80 
2.97 
1.90 
2.10 
1.75 
2.14 
1.90 
1.63 
1.27 
1.36 
1.98 

The  action  of  calcium  must  therefore  be  explained  on  some  other  basis 
than  the  diminution  of  the  blood  ammonia  (assuming  that  the  methods 
of  the  ammonia  determinations  are  sufficiently  accurate). 

The  second  series  shows  a  lower  ammonia  content  in  the  blood  of 
both  the  normal  and  the  tetany  animals.  This  would  indicate  a  dif- 
ference in  the  accuracy  of  the  two  methods.    Since  the  Nessler  method 
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appears  to  be  the  more  delicate  one  for  small  quantities  of  ammonia, 
some  control  experiments  were  carried  out  to  determine  whether,  in 
our  hands,  a  slight  increase  in  the  ammonia  in  the  blood  can  be  esti- 

TABLE  II. 
Ammonia  Content  of  the  Blood  as  determined  by  the  Nessler  Method. 


Normal  Dogs. 

Parathyroidectomized  Dogs. 

No. 

Mgr.  NH3  per 
100  c.c. 

No. 

Mgr.  NH3  per  100  c.c.  blood  in 
animals 

with  tetany 
symptoms 

whose  symptoms 
have  been  sup. 
pressed  by  Ca. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

•  ■ 

0.81 
0.81 
0.65 
0.74 
0.83 
0.60 
0.73 
0.88 
1.09 
0.70 
1.10 

>  •  •  • 
■  •  •  • 

\a 
lb 
Ic 
Id 
U 

1/ 

h 

2 

3 

4a 

4b 

5 

6a 

6b 

6c 
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mated  correctly.  Normal  dogs  were  bled  sufficiently  for  two  analyses. 
To  25  c.c.  of  the  blood  a  carefully  measured  quantity  of  ammonia 
(in  the  form  of  chloride)  (o.i  to  0.2  mg.  NH3)  was  added  and  the 
amount  recovered  calculated  by  subtracting  the  quantity  found  in 
the  control.     The  results  of  these  experiments  showed  the  quantity 
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recovered  to  be  correct  within  lo  per  cent  of  the  quantity  added  (the 
error  not  exceeding  .02  mg.),  thus  indicating  that  the  ammonia  present 
is  recovered  and  estimated  quantitatively  within  a  reasonable  degree 
of  accuracy.  Slight  dilution  of  the  blood  with  water,  to  render  the 
solution  less  viscous,  seems  to  have  no  appreciable  effect  on  the  libera- 
tion of  the  ammonia.  Results  calculated  for  100  c.c,  using  10  c.c. 
blood,  were  slightly  higher  than  when  40  c.c.  were  used.  This  is  in 
accordance  with  Folin's  observations. 

It  will  be  noted  that  the  analysis  with  the  Nessler  reagent  does  not 
show  any  marked  or  constant  increase  in  the  ammonia  cofitent  of  the  blood 
in  parathyroid  tetany  as  compared  with  that  of  the  blood  from  normal  dogs. 
Contrary  to  the  previous  results  of  MacCallum  and  Voegtlin  and 
ourselves,  Using  the  titration  method.  We  are  at  a  loss  to  account 
for  the  difference  unless  it  is  due  to  the  difi&culty  of  estimating  small 
quantities  of  ammonia  by  titration.  There  is  more  than  the  normal 
amount  of  ammonia  produced  or  less  ammonia  destroyed  in  the  animal 
in  parathyroid  tetany,  but  the  activity  of  the  kidneys  apparently  pre- 
vents an  appreciable  accumulation  of  the  ammonia  in  the  blood  above 
that  in  the  normal  animal.  This  rapid  elimination  of  excess  ammonia 
is  in  accordance  with  the  findings  in  certain  cHnical  cases  of  deranged 
metabohsm  with  acidosis,  large  quantities  of  ammonia  (i  to  12  gm.) 
being  eliminated  in  twenty-four  hours,  without  any  increase  in  the 
blocd  ammonia. 

II.  Parathyroid  Tetany  Versus  Ammonia  Tetan'y. 

I .  Comparison  of  symptoms.  —  The  characteristics  of  the  symptom- 
complex  following  intravenous  injection  of  ammonium  salts  are  well 
known.  In  our  present  experiments  ammonium  chloride  in  10  per 
cent  solution  was  used  throughout,  and  definite  quantities  per  kilo 
body  weight  were  injected  intravenously.  We  aimed  to  make  the 
injection  time  of  the  same  duration  (two  minutes)  in  each  experiment, 
so  as  to  eliminate  the  variable  factors  of  liver  activity,  kidney  (and 
other  glands)  activity,  as  well  as  lymph  formation. 

We  found  very  marked  individual  variations  in  susceptibility  to  the 
ammonium  chloride.  Some  dogs  showed  very  severe  sjTiiptoms  from 
doses  of  I  or  1.5  c.c.  per  kilo,  others  died  in  tetanic  convulsions  after 
injections  of  2  c.c.  per  kilo,  while  still  others  recovered  from  3  c.c  per 
kilo,  the  s>Tnptoms  being  only  moderately  severe. 
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The  h}^erexcitability  persists  for  some  time  after  the  tremors  and 
convulsions  have  subsided.  The  ammonia  animal  jumps  in  response 
to  sound  or  noise  very  much  in  the  same  manner  as  in  strychnine 
poisoning.  This  marks  a  very  characteristic  difference  between  the 
ammonia  and  the  parathyroid  tetany,  for  all  our  parathyroidectomized 
animals  which  have  been  particularly  tested  have  failed  to  show 
h^'perexcitability  of  this  type  at  any  stage  of  the  tetany. 

2 .  Relative  action  of  calcium  salts.  —  As  a  means  of  further  com- 
parison, experiments  were  performed  to  test  the  action  of  calcium 
salts  in  ammonia  tetany.  Our  method  consisted  of  injecting  varying 
quantities  of  calcium  lactate  corresponding  to  the  average  and  maxi- 
mum quantities  of  calcium  used  in  suppressing  parathyroid  tetany, 
and  following  this  immediately  or  in  thirty  to  sixty  minutes  by  a  rapid 
injection  of  ammonium  chloride  (1.5  to  2.5  c.c.  per  kilo  body  weight). 
In  each  series  we  made  a  control  experiment,  a  proportional  quantity 
of  ammonia  being  injected  into  an  animal  without  pre\dous  calcium 
injection.  In  two  experiments  the  calcium  and  the  ammonium  salts 
were  injected  simultaneously.  In  no  case  was  the  action  of  calcium  in 
suppressing  the  ammonia  symptoms  very  marked.  In  the  series  in  which 
20  c.c.  calcium  lactate  were  injected  intravenously  one  half  hour  be- 
fore the  1.5  c.c.  per  kilo  body  weight  10  per  cent  solution  ammonium 
chloride,  the  s>Tnptoms  appeared  slightly  less  severe  and  of  shorter 
duration  than  when  no  calcium  was  given.  Individual  variations  in 
susceptibility  to  the  ammonium  salt  might  explain  this  apparent  slight 
dift"erence,  but  could  hardly  account  for  the  failure  of  calcium  to  pro- 
duce such  a  marked  improvement  as  it  does  in  the  initial  stages  of 
parathyroid  tetany.  Berkeley  and  Beebe  report  more  positive  results. 
They  used  a  gradual  injection  of  dilute  solution  of  ammonium  carbonate, 
and  when  the  symptoms  became  severe,  the  ammonium  injection  was 
stopped  and  a  solution  of  calcium  or  strontium  was  injected  followed 
by  complete  and  immediate  recovery  and  a  resistance  to  further  in- 
jections of  ammonia  to  an  extent  greater  than  had  been  observed  pre- 
vious to  the  calcium  injection.  In  the  case  of  very  gradual  injections, 
the  conversion  and  the  ehmination  of  the  ammonia  are  variable 
factors.  This  method  is  further  complicated  by  the  depressor  phe- 
nomena that  follow  or  accompany  the  ammonia  excitation.  It  would 
seem  that  our  method  is  not  open  to  these  objections  and  ought  to 
reveal  the  antagonistic  action,  if  it  were  present,  of  the  salts  in  the 
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animal.  In  four  experiments  we  injected  calcium  during  the  ammonia 
tetany,  but  without  apparent  change  in  the  severity  or  duration  of  the 
symptoms.  Berkeley  and  Beebe  used  the  carbonate  of  ammonia  in 
their  experiments.  The  fact  that  the  ammonium  chloride  is  largely 
eliminated  as  such  by  the  kidneys  while  the  carbonate  is  in  part  changed 
to  urea  by  the  liver  might  render  the  calcium  salts  more  efficient  in 
suppressing  the  symptoms  of  the  latter,  by  augmenting  liver  activity, 
o.  The    effect   of   transsection  of   the    spinal    cord    on   the   parathyroid  and 

the  ammonia  tetany.  —  The  work  of  Horsley,^  Munk,^°  Lanz,^^  Falta 
and  Rudinger,^^  MacCallum,^^  Biedl  and  others,  seems  to  indicate 
that  parathyroid  tetany  is  of  central  origin.  Removal  of  the 
motor  areas  of  the  cerebral  cortex  diminishes  but  does  not  abolish  the 
symptoms.  Reflex  excitabihty  and  direct  excitability  of  the  motor 
nerves  are  increased.  The  latter  seems  to  disappear  soon  after  section 
of  the  nerves.  After  cord  transsection,  increased  reflex  excitability 
and  spasms  posterior  to  the  lesion  have  been  noted  in  parathyroid 
tetany.  According  to  Biedl  there  seems  to  be  no  essential  difference 
in  the  rate  of  development  and  the  intensity  of  the  symptoms  posterior 
to  the  cord  transsection,  whether  the  transsection  is  made  before  the 
parathyroidectomy  or  after  appearance  of  the  tetany  symptoms. 

As  a  control  for  our  ammonia  tetany  experiments,  high  thoracic 
transsection  of  the  spinal  cord  was  made  in  one  dog  in  parathyroid 
tetany.    The  results  are  best  shown  by  an  extract  from  the  protocol. 

Experiment  No.  ii.  — Dog  ;  weight,  8  K.  ^ 

Jan.    20       ....         Thyroid-parathyroidectomy. 

Jan.    21-24  •  • .         Normal  condition,  good  appetite. 

Jan.    25-Feb.  2         Vomiting,   depression,   tremors,   tetany.      During 

this  period  13  intravenous  injections  of  calcium 
lactate  (5  per  cent)  were  made  in  quantities  of 
20  c.c.  to  35  c.c. 

Feb.  2,  3.00  p.  M.  Strong  tremors  and  tetany.  Intravenous  injec- 
tion of  35  c.c.  calcium  lactate.  Most  of  the 
symptoms    suppressed    within    five    minutes. 

^  Horsley:   British  medical  journal,  1892,  p.  265. 
^^  Munk:  Sitzungsbcrichte  der  Berliner  Akademie,  1888  (2),  p.  1059. 
"  Lanz:   Berliner  klinische  Wochenschrift,  1S98,  p.  3S7. 
^2  Falta  and  Rudixger:   cited  from  Biedl. 
"  MacCallum:  Medical  news,  1903,  kxxiii,  p.  S20. 
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Spinal  cord  transsected  in  upper  thoracic  region 
under  ether  anesthesia. 
Feb.   3,   7-1 1  A.M.    Slight  tremors  in  shoulder  and  neck  muscles,  no 

tremors  posterior  to  the  transsection.  Reflex 
excitability  of  hind  legs  good,  extensor  reflexes 
particularly  easily  elicited,  anal  sphincter 
slightly  patulous. 

2.00  P.  M,  Rapid  and  irregular  respiration,  constant  tremors 
of  head,  neck,  and  shoulder  muscles.  Opistho- 
tonus, salivation.  No  tremors  or  spontaneous 
movement  behind  the  transsection. 

3.00  p.  M.  Convulsions  and  violent  tetany  of  dog  anterior  to 
the  transsection,  accompanied  by  strong  flexion 
of  hind  limbs.  Animal  revived  by  artificial 
respiration.  Strong  pressure  on  abdomen  gives 
similar  flexion  of  hind  limbs.  Intravenous 
injection  of  35  c.c.  calcium  lactate  followed  by 
gradual  suppression  of  symptoms  in  fore  part 
of  dog. 
10.00  p.  M,  Return  of  slight  tremors  and  spasms  in  fore  part 
of  dog. 
Feb.   4,  8.00  A.  M.     Labored  respiration,  opisthotonus,  rigid  extension 

of  fore  limbs,  tremors  in  face  and  shoulder 
muscles.  No  tremors  posterior  to  lesion,  but 
reflex  excitability  good.  The  symptoms  in- 
creased in  severity  until  3  P.  m. 

3.00  p.  M.  Violent  tetany  in  fore  part  of  dog,  artificial  respi- 
ration given.  During  the  first  part  of  the  attack 
the  hind  limbs  were  slightly  flexed,  and  this 
was  followed  by  rapid  extensor  spasms.  These 
movements  were  readily  elicited  after  the 
recovery  from  the  tetany  attack,  by  strong 
pressure  on  the  abdomen. 

4.00  p.  M.  10  c.c.  10  per  cent  ammonium  chloride  injected 
intravenously,  followed  by  extremely  severe 
tetany  both  in  front  and  behind  the  transsection. 
Artificial  respiration  failed  to  revive  the  animal. 

It  is  clearly  indicated  that  in  this  case  the  part  of  the  dog  posterior 
to  the  spinal  cord  transsection  did  not  take  part  in  the  tremors,  tonic 
spasms,  and  tetany  of  the  fore  part  of  the  dog.    The  movements  of  the 
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hind  limbs,  synchronous  with  the  severe  tetanic  attacks,  were  not  a 
part  of  this  symptom  complex,  but  were  reflexes  due  to  mechanical 
traction  on  skin  and  muscles  and  to  pressure  on  the  abdominal  viscera, 
owing  to  the  intense  contraction  of  the  muscles  anterior  to  the 
transsection. 

The  absence  of  the  symptoms  in  the  hind  part  of  the  dog  cannot 
be  ascribed  to  spinal  shock,  because  the  reflex  excitability  was  good, 
if  not  actually  increased.  As  stated  above,  such  increased  excitabihty 
posterior  to  transverse  lesion  of  the  spinal  cord  has  been  described  by 
other  observers.  Taken  by  themselves,  these  results  would  indicate 
that  parathyroidectomy  leads,  either  directly  by  the  absence  of  a 
secretion  or  indirectly  by  the  presence  of  toxic  substances  in  the  blood, 
to  an  increased  excitability  of  the  entire  central  nervous  system, 
but  that  the  tremors  and  tetany  symptoms  are  due  to  impulses  from 
the  brain  centres. 

We  would  now  invite  attention  to  three  similar  experiments  with 
ammonia  tetany. 

Experiment  A^o.  25.  —  Dog;   weight,  7  K. 

Feb.  6.  Spinal  cord  transsected  in  upper  thoracic  region, 

ether  anesthesia. 

Feb.    7,  8.00  A.  M.     Animal  in  good  condition.     Posterior  to  lesion 

flexor  reflexes  easfly  elicited;  extensor  reflexes 
elicited  with  diSiculty.  Knee  jerk  strong,  anal 
sphincter  slightly  patulous. 
2.00  p.  M.  Condition  same  as  above.  10  c.c.  10  per  cent 
ammonium  chloride  injected  into  the  saphenous 
vein  in  two  minutes.  Slight  transient  flexion 
of  the  hind  limbs  and  the  usual  syndrome  in 
fore  part  of  the  dog,  i.  e.,  rapid  respiration, 
salivation,  vomiting,  tremors,  convulsions,  and 
intermittent  tetany,  lasting  about  twenty 
minutes.  Increased  reflex  excitability,  but  no 
spontaneous  movements  posterior  to  the  trans- 
section. 
3.00  p.  M.  20  c.c.  ID  per  cent  ammonium  chloride  injected 
into  saphenous  vein,  followed  immediately  by 
respiratory  standstill  and  extreme  tetany  in 
fore  part  of  dog  and  primary  flexion  followed 
by  rigid  tetanic  extension  of  hind  limbs.  Arti- 
ficial respiration  failed  to  revive  animal. 


Feb. 

6. 

Feb. 

7- 

8.00  A.  M. 
4.00  P.  M. 
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Experiment  No.  26.  —  Dog;  weight,  6  K. 

Feb.    6.  High  thoracic  transsection  of  spinal  cord. 

Feb.    7,  8.00  A.  M.     Reflexes   of   hind   limbs   good.     Anal   sphincter 

normal. 
2.30  p.  M.  10  c.c.  of  10  per  cent  ammonium  chloride  injected 
into  saphenous.  Vomiting,  rapid  respiration, 
tremors,  convulsions  and  intermittent  tetany 
in  fore  part  of  animal;  hind  part  remaining  qui- 
escent but  sho\^'ing  increased  reflex  excitability. 
2.40  p.  M.     10  c.c.  of  10  per  cent  ammonium  chloride  injected 

as  above  with  essentially  similar  results. 
2.50  p.  M.     25  c.c.  of  10  per  cent  ammonium  chloride  injected, 
followed  by  immediate  and  fatal  tetany  both 
of  the  fore  and  the  limb  part  of  the  animal. 

Experiment  No.  27.  —  Dog;  weight,  9  K. 

High  thoracic  transsection  of  spinal  cord. 
Good    reflexes    posterior    to    the    lesion.      Anal 
sphincter  normal. 

Condition  same  as  above.  25  c.c.  10  per  cent 
ammonium  chloride  injected  intravenously  in 
two  minutes.  Immediate  and  fatal  tetany  of 
entire  animal,  but  the  tetany  was  less  severe  in 
the  hind  limbs. 

The  interpretation  of  the  results  of  these  experiments  is  compli- 
cated by  the  unknown  factors  of  spinal  shock.  It  is  possible  that  the 
failure  of  the  smaller  doses  to  cause  convulsions  posterior  to  the  spinal 
cord  transsection  is  due,  at  least  in  part,  to  a  lowered  reflex  and 
direct  excitability  of  that  part  of  the  cord.  But  the  other  alternative 
seems  more  probable.  While  the  ammonia  increases  directly  as  well 
as  reflexly  the  excitability  of  the  entire  central  nervous  system,  the 
convulsions  and  tetany  caused  by  smaller  doses  of  ammonia  are 
probably  due  to  direct  or  reflex  action  on  higher  centres.  In  the 
case  of  moderate  ammonia  tetany  the  beha\dor  of  the  dogs  with  high 
spinal  transsection  is  strikingly  similar  to  that  of  the  dog  in  severe 
parathyroid  tetany  and  with  severed  cord.  It  is  to  be  noted,  however, 
that  the  parathyroid  tetany  even  of  the  severest  type  failed  to  extend 
posterior  to  the  cord  lesion,  while  the  quantity  of  ammonium  chloride 
required  to  produce  a  tetany  of  equal  severity  acts  also  posterior  to 
the  lesion. 
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III.  The  CoaiPLEXiTY  of  Parathyroid  Tetaisty. 

I.  The  symptoms.  —  The  general  character  of  the  syndrome  fol- 
lowing complete  thyroidectomy  in  dogs  has  been  often  described  and 
is  well  known,  but  for  the  purpose  of  comparison  we  wish  to  emphasize 
the  following  points. 

(7)  Periodicity.  —  None  of  our  dogs  have  died  in  the  first  attack  of 
tremors,  convulsions  and  tetany,,  even  when  no  therapeutic  measures 
were  taken.  The  degree  of  spontaneous  recovery  is  variable.  The 
dog  after  a  period  (one  to  four  hours)  of  severe  tremors,  spasms,  and 
respiratory  trouble  may  return  to  apparently  normal  condition,  eating 
and  playing ;  usually  there  is  some  depression  after  disappearance  of 
the  excitation  or  symptoms.  The  duration  of  this  spontaneous  re- 
covery varies  from  a  few  hours  to  thirty-six  hours.  It  is  usually  less 
than  twenty-four  hours.  The  periods  of  quiescence  become  gradually 
shorter  as  the  severity  of  the  symptoms  increases.  It  is  obvious  that 
this  spontaneous  periodicity  is  a  disturbing  factor  in  the  study  of 
therapeutic  measures  that  at  best  have  only  a  temporary  action. 

(2)  Variability.  —  This  appears  mainly  in  the  relative  preponder- 
ance or  balance  of  excitatory  and  depressor  symptoms,  and  of  appe- 
tite and  anorexia.  So  far  we  have  had  only  one  case  (dog)  with  fatal 
ending  without  at  any  stage  showing  excitation  symptoms.  This  dog 
died  on  the  sixth  day  after  the  operation.  The  post  mortem  revealed 
lobar  pneumonia  of  the  right  lung. 

(3)  Vomiting-anorexia.  —  The  vomiting  is  frequently  severe  and 
persistent,  even  in  subjects  taking  no  food.  In  some  cases  the  vomit- 
ing movements  pass  into  convulsions. '  The  anorexia  is  variable.  A  dog 
in  tremors  will  not  eat,  but  may  eat  heartily  an  hour  later  after  spon- 
taneous recovery  from  the  excitation  symptoms.  The  excitation 
symptoms  will  develop  in  dogs  exhibiting  persistent  anorexia  from  the 
start  and  therefore  taking  no  food  at  all  after  the  operation;  but 
the  onset  seems  to  be  hastened  and  the  severity  of  the  excitation 
symptoms  increased  by  meat  feeding. 

(4)  Diarrhea.  —  More  or  less  severe  diarrhea  was  present  in  all  of 
our  dogs  of  this  series,  —  with  one  exception.  The  stools  are  colored 
brownish-black,  with  bile,  highly  offensive  and  frequently  bloody. 

(5)  The  re/lex  excitability.  —  As  is  well  known,  there  is  increased 
reflex  excitability  as  well  as  increased  excitability  of  the  motor  nerves. 
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The  latter  fact  is  made  evident  by  the  stimulation  of  the  phrenic 
nerves  by  the  action  current  of  the  heart,  an  early  observ^ation  of 
Schiff.  In  most  of  the  dogs  showing  moderate  to  severe  symptoms 
the  diaphragm,  for  hours  at  a  stretch,  gave  a  contraction  synchro- 
nously with  the  heart.  This  contraction  is  obviously  a  single  twitch, 
while  the  respiratory  contraction  is  tetanic.  The  twitch  due  to  the 
direct  stimulation  of  the  phrenics  by  heart  action  current  cannot  be 
detected  during  the  respiratory  contraction,  probably  because  it  is 
merged  with  this  stronger  contraction.  Its  absence  may  also  signify 
a  refractory  condition  of  the  nerves  when  used  by  the  normal 
discharges. 

Despite  increased  reflex  excitability  the  dogs  may  show  no  rest- 
lessness. Some  of  our  dogs  did  show  great  restlessness,  but  the  usual 
picture  is  quiescence  and  comparative  indifference  up  to  and  even 
during  the  progress  of  the  tremors  and  spasms.  In  the  later  stages 
of  the  syndrome  the  decrease  of  reflex  excitability  may  be  so  great 
that,  although  able  to  walk  about  and  responding  to  call,  the  animal 
may  pay  no  attention  to  severe  skin  injuries,  such  as  exposing  a  vein 
without  local  anesthesia.  Thus,  there  may  exist  at  the  same  time 
increased  motor  excitability  as  shown  by  tremors,  tetany,  and  stimula- 
tion of  the  phrenics  by  the  action  current  of  the  heart,  and  decreased 
sensory  excitability,  as  shown  by  the  lack  of  response  to  stimuli 
which  under  normal  condition  would  be  painful. 

(6)  Hyperemia,  hemorrhages,  and  ulcers  of  the  stomach  and  intestinal 
mucosa.  —  The  frequency  of  vomiting,  diarrhea,  and  anorexia  directed 
our  attention  to  the  digestive  tract.  These  s^Tnptoms  may  be  due 
to  primary  disturbances  of  the  gastro-intestinal  tract,  or  to  primary 
changes  in  the  central  nervous  system.  In  nineteen  out  of  twenty- 
three  thyroidectomized  dogs  of  the  present  series  we  found  on  post 
mortem  examination  marked  hyperemia  and  congestion  of  the  intes- 
tinal mucosa,  hemorrhagic  areas  in  the  mucosa,  particularly  of  the 
pyloric  end  of  the  stomach  and  of  the  duodenum,  and  in  a  number  of 
cases  there  were  more  or  less  extensive  ulcers  in  the  pyloric  and  duo- 
denal mucosa.  In  no  case  did  we  find  that  these  pathological  changes 
extended  to  the  fundus  of  the  stomach.  As  regards  the  intestines, 
the  lesions  were  always  most  extensive  in  the  upper  part  of  the 
duiodenum.  In  a  number  of  cases  the  pancreas  was  also  greatly 
congested. 
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We  can,  at  present,  merely  record  these  observed  facts  without 
being  able  to  interpret  their  significance  in  the  parathyroid  tetany 
syndrome.  Anorexia  is  to  be  expected  in  an  animal  with  the  gastric 
and  intestinal  mucosa  in  the  condition  usually  found  in  these  animals. 
The  anorexia  may,  however,  be  primarily  of  central  origin,  and  the  con- 
gestion and  hemorrhages  secondary  results  of  violent  contractions  in 
vomiting.  The  ulcers  suggest  altered  secretions  of  the  digestive 
glands,  a  point  now  under  investigation.  Fully  90  per  cent  of  the 
dogs  used  in  our  laboratory  have  intestinal  worms,  round  worms  or 
tape  worms,  or  both.  In  some  of  our  cases  the  round  worms  were 
massed  in  the  duodenum  close  to  the  pyloric  end  and  even  in  the 
stomach.  The  dogs  seem  to  show  no  obvious  digestive  disturbances 
from  these  parasites  under  normal  conditions. 

The  above  conditions  of  the  gastro-intestinal  tract  in  our  para- 
thyroid tetany  dogs  reminds  one  of  the  convulsions  and  tetany  in 
man  associated  with  acute  dilation  of  the  stomach,  intestinal  infec- 
tion, and  intestinal  worms,  and  other  gastro-intestinal  disorders.  It 
is  not  known  to  what  extent  this  tetany  is  due  to  toxic  product  ab- 
sorbed into  the  blood  or  to  irritation  of  afferent  nerve  endings,  but  in 
late  years  numerous  attempts  have  been  made  to  bring  all  types  of 
clinical  tetany  within  the  category  of  parathyroid  tetany.^"* 

(7)  Circulation.  —  The  condition  of  the  circulation  in  our  dogs  in 
parathyroid  tetany  has  not  been  studied  in  sufficient  detail  to  differ- 
entiate all  the  factors  involved.  During  the  spasms  and  tremors  the 
arterial  pressure  is  usually  high,  with  a  rapid  and  rather  feeble  pulse. 
In  the  extreme  tetanic  attacks  the  pulse  cannot  be  palpated. 

(8)  Pain.  —  Most  of  our  parathyroid  tetany  dogs  show  signs  of 
pain  (restlessness,  groaning)  at  certain  stages  of  the  disease.  This 
seems  to  be  accompanied  by  excessive  tenderness  over  the  thorax 
and  abdomen,  especially  the  latter.  Light  pressure  or  stroking  of 
the  abdomen  increases  the  groaning,  while  similar  handhng  of  the 
back,  the  legs,  or  the  head  is  without  effect.  This  excessive  abdominal 
tenderness  is  accompanied  by  increased  tone  or  contracture  of  the 
abdominal  muscles. 

2.  Measures  suppressing  the  parathyroid  tetany  symptoms. —  (i)  Cal- 
cium and  strontium  salts.  —  The   prompt  but  transitory  action  of 

"  Haberfeld:  Virchow's  Archiv,  i9ii,cciii,  p.  282;  R-vskins  and  Gersten- 
berger:  Journal  of  experimental  medicine,  1911,  xiii,  p.  314. 
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the  calcium  salts  in  the  milder  stages  of  parathyroid  tetany  has 
already  been  discussed.  In  the  few  experiments  in  which  intravenous 
injections  of  strontium  salts  were  employed  the  results  were  practi- 
cally identical  with  those  obtained  with  the  calcium  salts.  The  main 
hypotheses  advanced  by  previous  workers  to  account  for  this  action 
of  the  calcium  salts  are  (i)  The  suppl>ing  of  a  deficiency  of  calcium 
in  the  nervous  tissue  and  in  the  blood;  (2)  The  pharmacologic  or 
depressor  action  on  the  nervous  system.  The  second  h>^o thesis 
may  be  extended  to  include  depression  of  afferent  nerve  endings  in 
case  the  excitation  symptoms  are  in  part  reflex. 

There  is  a  decrease  in  the  direct  excitabihty  of  the  motor  nerves/^  and 
the  dogs  usually  exhibit  some  depression  and  quiescence  for  a  short  pe- 
riod after  the  calcium  injections,  but  the  latter  may  be  a  condition  of  fa- 
tigue from  the  previous  hyperactivity  rather  than  due  to  the  direct  or 
indirect  depressor  action  of  the  salt.  If  the  degree  of  antitoxic  action 
of  the  calcium  in  ammonia  tetany  is  taken  as  a  measure  of  the  extent 
to  which  depression  of  the  central  nervous  system  by  calcium  suppresses 
convulsions  due  to  a  circulating  toxine,  it  is  clear  to  us  that  the  hy- 
pothesis does  not  suffice  to  account  for  the  action  of  the  calcium  and  the 
strontium  salts  in  parathyroid  tetany.  In  five  to  fifteen  minutes  after 
moderately  violent  tremors  and  spasms  have  been  suppressed  by  cal- 
cium, the  dog  may  run  about,  play,  eat,  and  exhibit  no  obvious  signs 
of  depression.  This  may  be  accounted  for  by  assuming  that  in  the 
quantities  used  the  calcium  simply  brings  the  excitability  of  the  ner- 
vous tissue  down  to  normal,  but  not  below  the  normal.  However, 
when  the  tetany  symptoms  are  suppressed  by  intravenous  injections 
of  hypertonic  sugar  solutions,  which  in  all  probability  act  primarily 
by  depression  of  the  tissues,  the  dog  appears  actually  depressed  even 
up  to  the  minute  the  tetany  symptoms  return. 

The  suppression  of  the  milder  stages  of  the  tetany  symptoms  by 
calcium  and  strontium  salts  seems  too  rapid  to  be  explained  by  an 
increased  elimination  or  conversion  of  a  circulating  toxin;  and  the 
possible  direct  neutralization  of  the  toxin  by  the  calcium  must  remain 
a  pure  speculation  until  the  toxin  has  been  found. 

It  appears  to  be  true  in  all  cases  investigated  that  the  passage  of  cal- 
cium salts  into  or  through  cells  is  relatively  slow.   The  action  of  calcium 

^^  Quest:  Berliner  klinische  Wochenschrift,  1910,  p.  1074.  We  have  con- 
firmed this  in  two  days  in  parathyroid  tetany. 
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in  mild  parathyroid  tetany  is  relatively 
prompt.  Can  it  be  a  vaso-motor  effect,  an 
action  on  the  walls  of  the  arterioles  or  the 
capillaries,  or  on  sensory  nerve  endings 
in  the  walls  of  the  blood  vessels?  The 
action,  in  mammals,  of  intravenous  injec- 
tions of  calcium  salts  upon  the  heart  and 
the  blood  pressure  is  well  known.  In 
order  to  determine  whether  calcium  has 
the  same  action,  qualitatively  and  quan- 
titatively, in  parathyroid  tetany,  we  iso- 
lated one  carotid  artery  at  the  time  of  the 
thyroidectomy  so  that  it  could  be  brought 
to  the  surface  and  a  blood  pressure  can- 
nula inserted  without  general  or  local 
anaesthesia.  The  edges  of  the  wound 
were  approximated  without  being  stitched, 
and  the  neck  bandaged  until  the  appear- 
ance of  the  tetany  sjTnptoms.  So  far  we 
have  not  been  able  to  secure  a  blood 
pressure  record  with  the  animal  in  ex- 
treme tetany.  An  illustrative  record  of 
the  action  of  calcium  on  the  heart  and 
blood  pressure  in  parathyroid  spasms  and 
tremors,  not  comphcated  by  general  or 
local  anesthesia,  is  given  in  Fig.  i.  The 
calcium  lactate  lowers  the  aortic  blood 
pressure,  temporarily,  pari  passu,  with 
slowing  of  the  pulse.  The  lowering  of  the 
general  blood  pressure  is  not  sufficient  to 
account  for  the  calcium  action  by  dimi- 
nution of  the  blood  flow  through  the 
brain  and  consequent  depression  of  reflex 
excitability. 

(2)  Organ  extracts  and  tissue  proteins.  — 
In  the  hands  of  various  investigators  the 
parathyroid  tetany  s}Tnptoms  have  been 
temporarily  suppressed  by  h\podermic 
or   intravenous  injection  of   extracts   of 
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thyroid,  parathyroid,  thymus,  pancreas,  testes  and  hypophysis.  The 
thyroid  extracts  may  also  contain  the  active  principle  or  internal 
secretion  of  the  parathyroid.  Beebe  ^^  has  isolated  a  nucleo-protein 
from  the  parathyroids  having  the  same  action.  Apart  from  the 
thyroid  and  the  parathyroid  preparations,  it  is  obvious  that  this 
alleged  action  of  the  tissue  extracts  in  parathyroid  tetany  cannot  be 
specific  in  the  sense  of  supplying  the  need  of  the  organism  for  the 
parathyroid  secretions.  Inasmuch  as  the  parathyroid  tetany  symp- 
toms are  suppressed  by  measures  lowering  the  blood  pressure,  it  would 
be  of  great  interest  to  know  whether  all  these  organ  preparations 
contain  depressor  or  vaso-dilator  substances.  If  they  do,  their  action 
may  be  due  solely  to  this  lowering  of  the  blood  pressure.  We  have 
ourselves  tested  the  action  of  pituitary  extract  in  two  dogs  with  mild 
tetany  s>Tnptoms.  Intravenous  injections  gave  in  both  cases  an 
immediate  but  slight  increase  in  the  symptoms  followed  by  their 
cessation  within  ten  minutes.  In  a  previous  paper  we  incHned  to  the 
view  that  the  alleged  action  of  these  various  organ  extracts  in  para- 
thyroid tetany  is  an  error  of  observation  due  to  the  spontaneous 
periodicity  in  s>Tnptoms.  It  would  now  seem  that  the  observations 
may  be  correct  in  fact,  but  that  the  interpretations  of  their  action 
have  been  erroneous. 

(3)  Hypertoniciiy.  —  At  the  recent  meeting  of  the  American  Physi- 
ological Society  in  New  Haven,  Joseph  and  Meltzer  reported  that 
intravenous  injections  of  large  quantities  of  hypertonic  sodium  chlo- 
ride solution  may  suppress  the  parathyroid  tetany  symptoms  in  the 
dog,  in  some  cases  after  a  preliminary  excitation.  The  results  of 
Joseph  and  Meltzer  seem  paradoxical,  as  excitation  symptoms  are 
suppressed  by  a  salt  which  acts  itself  as  a  stimulant  to  the  tissues. 
The  quantity  and  concentration  of  the  sodium  chloride  solution  they 
used  rendered  the  blood  greatly  hypertonic  and  increased  its  volume, 
not  only  by  the  quantity  of  fluid  introduced,  but  also  by  the 
withdrawal  of  water  from  the  tissues.  According  to  the  reported 
results  the  suppression  of  the  symptoms  are  not  as  prompt  as  in  the 
case  of  calcium  injections.  If  the  tetany  symptoms  are  due  to  circu- 
lating toxins,  this  suppression  by  the  sodium  chloride  solution  may  be 
due  to  dilution  of  the  toxins  or  to  increased  elimination  because  of 
the  diuresis. 

"  Beebe:  This  journal,  1907,  xix,  p.  xiii. 
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We  were,  however,  struck  by  the  fact  that  the  sodium  chloride 
solution  had  to  be  so  concentrated  in  order  to  give  the  results.  A 
number  of  years  ago,  Carlson  ^^  and  Meek  ^^  showed  that  hypertonicity, 
per  se,  depresses  ganglion  cells,  nerve  fibres,  and  skeletal  muscle.  These 
facts  suggested  to  us  that  the  results  of  Joseph  and  Meltzer  may  be 
due  to  depression,  particularly  of  the  nervous  tissues,  by  the  hyper- 
tonicity. If  such  is  the  case,  similar  results  should  follow  the  intra- 
venous injection  of  hypertonic  sugar  solutions.  This  proved  to  be 
the  case,  as  illustrated  by  the  following  experiment. 

Experiment  16,  — Dog;  weight,  7  K. 

Feb.    2,  9.50 A.M.     (Thyroid-parathyroidectomy,   Jan.    25.)      Strong 

tremors  and  spasms.  160  c.c.  molecular  sugar 
solution  injected  into  the  saphenous  vein. 
There  was  neither  augmentation  nor  decrease 
of  the  symptoms  for  the  first  ten  minutes,  then 
the  symptoms  gradually  subsided. 

11.30  Tremors   and   spasms   completely   ceased.      Dog 

seems  depressed. 

1 2 .00  Tremors  begin  to  reappear  ^vith  increasing  severity. 

Hypertonicity  by  itself  may  thus  temporarily  suppress  the  less 
severe  parathyroid  tetany  symptoms.  That  it  is  a  depressor  action 
probably  on  the  nervous  tissue,  is  shown  by  the  state  of  depression 
of  the  animal  during  the  period  of  quiescence. 

(4)  Alhumoses  (Witte's  Peptone).  —  Our  attention  was  directed  to 
the  possible  importance  of  the  circulation  in  the  genesis  and  the  sup- 
pression of  the  calcium  and  the  strontium  salts.  We  had  also  in  mind 
the  older  suggestions  that  certain  t>pes  of  chnical  convulsions,  epi- 
lepsy and  tetany  may  be  due  to  local  vaso-motor  inco-ordination.  It 
is  not  probable  that  the  high  blood  pressure  in  parathyroid  tetany  is 
itself  the  primary  cause  of  the  tetany,  and  as  for  primary  vaso-con- 
striction,  partial  anemia,  and  subsequent  h^perexcitability,  that  is, 
and  probably  will  remain  for  a  long  time,  a  mere  suggestion.  The 
lowering  of  the  blood  pressure  by  substances  acting  primarily  on  the 
walls  of  the  arterioles  might  suppress  the  symptoms  by  relieving  such 

'^  Carlson:  This  journal,  1906,  xv,  p.  357. 
"  Meek:  Ibid.,  1907,  xvii,  p.  8. 
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constrictor  spasms,  or  by  diminution  of  the  blood  supply  to  the  brain 
and  spinal  cord  to  a  point  where  decreased  excitabiHty  sets  in. 

The  following  experiments  serve  to  illustrate  our  results  with  the 
peptone  injections. 

Experiment  No.  19.  —  Dog;  weight,  8  K. 

Feb.    20.  Thyroid-parathyroidectomy. 

Feb.   23,  9.00  A.  M.  Strong    tremors,    spasms    and    salivation,    rapid 

respiration. 

9.10  A.  M.  Intravenous  injection  of  30  c.c.  10  per  cent 
Witte's  peptone.  Almost  immediate  diminution 
in  the  severity  of  the  symptoms. 

9.20  A.  M.  An  additional  20  c.c.  of  peptone  injected. 

9.25  A.  M.  Tremors,  spasms,  and  salivation  completely  dis- 
appeared. Dog  greatly  depressed  and  weak. 
Respiration  slow  and  regular,  blood  pressure 
low,  heart  fairly  strong  and  regular. 

2.30  P.  M.  Dog  in  good  condition,  eats  and  plays;  continued 
in  good  condition  until  10  p.  m.,  when  inter- 
mittent panting  appeared,  but  no  tremors. 

In  two  other  experiments  the  suppression  of  the  tetany  by  the 
peptone  injections  lasted  for  three  and  six  hours  respectively. 

It  is  well  estabhshed  that  albumoses  or  peptones  lower  the  blood 
pressure.  But  we  are  not  justified  in  concluding  that  this  lowering  of 
the  blood  pressure  is  the  sole  or  main  factor  in  the  suppression  of  the 
tetany  symptoms.  The  albumoses  act  on  the  liver  cells.  May  they 
not  also  act  on  the  nervous  tissues  in  the  direction  of  depression? 
So  far  as  we  know,  this  question  is  not  yet  answered.  It  is  probable  that 
the  great  vaso-dilation  is  itself  sufficient  to  depress  the  brain  by 
partial  anemia,  and  hence  suppress  the  tetany.  These  results  with 
albumoses  in  parathyroid  tetany  render  it  necessary  to  control  the 
vaso-motor  action  of  all  substances  reputed  to  suppress  the  para- 
thyroid tetany  symptoms.  And  inasmuch  as  most,  if  not  all,  tissue 
extracts  contain  vaso-dilator  substances,  unless  these  are  removed  by 
special  methods,  the  anti-tetany  action  of  such  extracts  reported  by 
many  observers  may  be  due  to  their  lowering  of  the  blood  pressure, 
in  so  far  as  their  action  is  not  a  mere  concomitant  of  the  spontaneous 
periodicity  in  the  symptom  complex.     According  to  Popielski  the 
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organ  extracts  produce  anemia  of  the  brain  by  vaso-dilation,  mainly 
in  the  viscera.^^ 

(5)  Ainyl  nitrite.  —  In  pursuance  of  the  study  of  the  circulation  in 
parathyroid  tetany  amyl  nitrite  was  administered  by  intravenous 
injections  and  in  the  inspired  air. 

Experiment  No.  18. 

Feb.    23,  9.20  A.  M.  Dog  (thyroidectomized  two  days  previously),  in 

strong    tremors,    salivation,    and    respiration. 
Phrenics  stimulated  by  action  current  of  heart. 
9.25  A.  M.     Inhalation  of  amyl  nitrite.     Progressive  diminu- 
tion and  final  cessation  of  symptoms  at  9.30. 
Inhalation  discontinued.    Dog  seems  depressed. 
9.40  A.  M.     Gradual  return  of  the  symptoms. 
Experiment  No.  15.  —  Dog;  weight,  6  K. 

Dog  thyroidectomized  Feb.   13,  and  used  in  the 
interval   for   tests  with   strontium  and  calcium 
salts. 
Feb.  19.  9.30  A.  M.    Strong  tremors  and  spasms  over  entire  body;  dog 

looks  depressed.    Pulse,  120,  weak,  respiration 
fairly  normal. 
10.10  A.  M.     Condition  as  above;    intravenous  injection  of  3-^ 
c.c.  amyl  nitrite.     Primary  increase  of  spasms, 
lasting  for  two  minutes,  followed  by  complete 
cessation    of    all    tremors    and    quiescence    of 
animal.      Dog    rather   depressed;      respiration 
normal. 
10.30  A.  M.     Dog  quite  normal,  runs  about,  drinks.    Pulse,  140. 
11.00  A.M.     Strong  tremors  begin  to  reappear. 
ii.ioA.  M.     Inhalation  of  amyl  nitrite  for  five  minutes,  fol- 
lowed   by    complete    cessation  of  the  tetany 
symptoms. 
1 1. 2 1  A.  M.     Tremors  reappear. 

(The  inhalation  experiment  was  repeated  five 
times  on  this  dog  with  results  identical  to 
those  above.) 

We  have  not  tried  amyl  nitrite  in  extreme  parathyroid  tetany. 
It  would  in  all  probability  fail  there  just  as  calcium  and  strontium 

'^  PoPiELSKi:  Archiv  fiir  die  gesammte  Physiologic,  1909,  c.xxviii,  p.  191. 
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salts  fail.  The  prompt  suppression  of  the  milder  tetany  symptoms 
by  the  amyl  nitrite  inhalation  is  very  striking.  The  animal  becomes 
at  the  same  time  obviously  depressed.  The  obvious  explanation  of 
these  results  is  the  lowering  of  the  arterial  pressure  to  a  point  of 
partial  anemia  of  the  brain,  and  consequent  depression  of  the  excit- 
ability of  the  brain  and  disappearance  of  the  tetany.  This  vaso- 
dilator action  of  the  drug  is  transitory,  hence  the  quick  return  of  the 
tetany.  It  is  by  no  means  proved  that  the  walls  of  the  blood  vessels 
are  the  only  points  of  attack  of  the  amyl  nitrite.  It  may  depress  the 
brain  directly,  as  well  as  sensory  nerve  endings  in  the  blood  vessels. 
If  so,  this  action  would  in  all  probability  be  just  as  transitory  as  the 
vaso-dilator  action.  These  possibilities  must  be  disproved  before  the 
above  hypothesis  can  be  admitted  as  proved,  or  it  must  be  shown 
by  other  means  that  the  lowering  of  the  arterial  pressure,  per  se,  will 
suppress  the  tetany. 

(6)  Section  and  stimulation  of  the  vagi.  —  In  this  line  of  attack  we 
aimed  at  producing  simple  lowering  of  the  arterial  pressure,  not 
attended  by  any  complications,  by  stimulation  of  the  peripheral  end 
of  the  cut  vagus  nerve.  Our  procedure  was  as  follows.  Both  vagi 
were  isolated  and  silk  threads  passed  under  them  and  fixed  to  the 
skin  at  the  time  of  the  thyroidectomy,  so  that  the  nerves  were  acces- 
sible without  anesthesia  or  pain  at  any  stage  of  the  subsequent 
tetany  symptoms.    The  following  protocols  illustrate  our  results. 

Experiment  No.  21.  —  Dog. 

Feb.    20.  Thyroid-parathyroidectomy. 

Feb.    23,   10.00  A.M.     Strong  tremors;   phrenics  stimulated  by  action 

current  of  heart;  salivation;  respiration  some- 
what accelerated.  Right  vagus  sectioned. 
Almost  immediate  cessation  of  the  tremors  and 
spasms.  Heart  slowed.  Stimulation  of  the 
phrenics  by  the  heart  continues.  No  obvious 
change  in  general  condition  of  animal. 
10.30  A.  M.     Tremors  begin  to  return. 

11.00  A.  M.  Strong  tremors.  Stimulation  of  peripheral  end  of 
cut  vagus  slows  the  heart,  but  the  heart  "es- 
capes" after  less  than  a  minute's  tetanizing  of 
the  nerve.  The  tremors  and  spasms  continue 
unchanged.  This  was  repeated  eight  times  with 
the  same  results  up  till  2.00  p.  m. 
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6.00  p.  M.  Tremors;  spasms;  salivation;  heart  stimulation 
of  phrenics  have  persisted  throughout  after- 
noon. Left  vagus  pulled  out  through  the 
wound  preparatory  to  section.  During  the 
handling  of  the  nerve  the  tremors  ceased  com- 
pletely; respiration  slow  and  labored;  vomiting, 
the  stimulation  of  the  phrenics  by  the  heart 
persists.  Observed  till  7  p.m.;  no  change  in 
conditions. 
9.00  p.  M.  Tremors,  and  spasms  have  returned.  Respira- 
tion practically  normal.  Phrenic  stimulation 
present.  Left  vagus  cut.  Immediate  and  com- 
plete cessation  of  tremors  and  spasms. 

10.00  p.  M.    No  return  of  tremors. 

12.00  p.  M.     Stimulation  of  phrenics  by  heart  not  in  e\'idence; 

but  slight  tremors  present  in  shoulder  muscles. 

Feb.    24,   i.ooA.  M.  Tremors  increasing  in  intensity.     Dog  killed  by 

ether. 

Experiment  No.  22.  — Dog. 

Thyroid-parathyroidectomized. 
Dog  depressed;  slight  tremors;  respiration  irregu- 
lar;   symptoms  increasing  in  severity. 
Strong    spasms;     salivation.      Left    vagus    cut. 
Slight  but  immediate  decrease  in  severity  of  the 
tremors. 
Symptoms  increasing  in  severity. 
Rectal   temperature,  42     C;    rapid  respiration; 
salivation;    tremors;    legs  in   tonic  extension. 
Right  vagus  cut,    vomiting:    tremors  and  tonic 
extension  decreased. 
12.15  p.  M.     Tremors    completely    ceased;     dog    runs    about; 
salivation;   the  rapid  respiration  interrupted  by 
periods  of  typical  slow  respiration. 
12.30  p.  M.     Dog  in  normal  condition,  slow  respiration. 
2.00  p.  M.     Tetany  symptoms  returning  with  rapidly  increas- 
ing severity. 
3.00  p.  M.     Dog  died  in  extreme  tetany  while  being  put  under 
ether  preparatory  to  section  of  both  splanchnic 
nerves. 
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Experiment  No.  24.  —  Dog. 

Mar.  4.    "  Thyroid-parathyroidectomy. 

Mar.  6,    8.40  a.  m.     Tremors;   spasms  of  hind  legs;   panting;  temper- 
ature, 40.5     C.    Left  vagus  cut,  slight  slowing  oj 
respiration.    Other  symptoms  unchanged. 
9.10  A.  M.     Right  vagus  cut.    During  the  handling  of  the  nerve 
there  was  a  distinct  decrease  in  the  severity  of  the 
tremors,  and  these  ceased  rapidly  after  cutting  the 
nerve.     Respiration  gradually  slowed.     Animal 
runs  about;  eats. 
11.30  A.M.     Animal  quiescent;   depressed. 
12.30  P.  M.     Tetany     symptoms    returning    with    increasing 
severity. 
2.15  p.  M.     Died  in  tetany  while  being  handled  preparatory  to 
injection  of  calcium;  artificial  respiration  falling. 

Experiment  No.  23.  —  Dog. 

Mar.  2.     -   .  Thyroid-parathyroidectomized. 

Mar.  3,   8.30  A.  M.     Dog  slightly  depressed,  but  eats  heartily. 
12.00  A.M.     Tremors;  irregular  respiration. 
2.00  P.  M.     Strong    tremors;      panting;      salivation;      rectal 
temperature,  40    C.    Left  vagus  cut.   Immediate 
cessation  of  tremors  in  shoulders  and  forelegs, 
diminution  of  tremors  in  hind  legs.    Respiration 
unchanged.    Vomiting. 
2.18  P.  M.     Tremors  returned  in  entire  animal;  panting;  sali- 
vation.    Right  vagus  cut.     Respiration  gradu- 
ally slowed.     Tremors  gradually  subsiding,  and 
interrupted  by  periods  of  quiescence,  these  periods 
growing  longer. 
2.55  p.  M.     Respiration    practically    normal,    but    the    neck 
muscles  show  slight  tremors;    some  salivation; 
eats,  but  vomits  immediately. 
3.05  p.  M.     Slight  transient  tremors  in  hind  legs;    eats  and 
vomits.     No  return  of  tetany  up  to  10  p.m. 
when  observation  ceased.     Typical  slow  respi- 
ration. 
Mar.  4,    8.30  A.  M.     Strong  tremors  and  tetany.    Found  dead  at  2  p.  m. 

The  failure  to  suppress  the  symptoms  by  stimulation  of  the  pe- 
ripheral end  of  the  vagi,  that  is,  by  lowering  the  arterial  pressure 
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through  inhibition  of  the  heart,  is  probably  due  to  the  short  space  of 
time  that  the  inhibition  was  maintained.  The  experiments  do  not 
prove  that  mere  lowering  of  the  blood  pressure  is  insufficient  to  sup- 
press the  milder  tetany  symptoms. 

The  striking,  even  if  only  transitory,  suppression  of  the  tetany  by 
the  section  of  one  or  both  vagi,  or  by  mechanical  stimulation  of  the 
vagi  is  capable  of  several  interpretations.  It  may  be  due  (i)  to 
stimulation  of  the  depressor  fibres  in  the  vagi:  (2)  inhibitory  im- 
pulses {e.  g.,  pain)  to  the  part  of  the  brain  primarily  concerned  in  the 
production  of  the  tetany:  or  (3)  elimination  of  impulses  from  the 
viscera  that  increase  the  excitability  of  the  brain.  We  have  no  con- 
clusive evidence  in  support  of  any  of  these  hypotheses,  but  in  view  of 
the  transitory  character  of  the  suppression,  the  stimulation  of  the 
depressor  fibres  appears  to  us  the  most  probable  or  essential  factor. 
The  rapidity  and  duration  of  suppression  of  the  symptoms  seem  to 
depend  on  the  severity  of  the  tetany  stage.  It  is  probable  that  in 
extreme  tetany  the  section  or  stimulation  of  the  vagi  will  have  no 
appreciable  effect  on  the  symptoms. 

The  attempts  to  section  both  splanchnic  nerves  in  the  animals 
showing  strong  tetany  after  section  of  both  vagi,  were  made  with  the 
view  of  testing  the  third  hypothesis:  afferent  impulses  from  the 
viscera  as  a  factor  in  the  tetany  symptoms.  But  suppression  of  the 
tetany  by  section  of  both  splanchnic  nerves  would  not  prove  the 
hypothesis  because  of  the  attendant  lowering  of  the  blood  pressure. 

The  death  in  severe  tetany  at  the  beginning  of  ether  anesthesia 
points  to  the  danger  of  ether  and  chloroform  as  a  therapeutic  measure 
in  severe  forms  of  chnical  tetany. 

Summary 

The  ammonia  content  of  the  blood  of  dogs  in  parathyroid  tetany 
falls  within  the  limits  of  variations  of  ammonia  percentage  in  the 
blood  of  normal  dogs.  Intravenous  injections  of  calcium  salts  in 
sufficient  quantities  to  completely  suppress  parathyroid  tetany  in 
dogs  do  not  alter  the  concentration  of  the  ammonia  in  the  blood. 

The  calcium  salts  have  much  less  inhibitory  action  in  ammonia 
tetany  than  in  parathyroid  tetany.  Dogs  in  ammonia  tetany  exhibit 
a  much   greater    hyperexcitability  to  auditory  stimuli  than  is  the 
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case  in  parathyroid  tetany.  On  high  thoracic  transsection  of  the 
spinal  cord  extreme  parathyroid  tetany  (epilepsy)  does  not  directly 
involve  the  part  of  the  animal  posterior  to  the  lesion,  while  extreme 
ammonia  tetany  involves  the  whole  animal.  Ammonia  tetany  of  less 
severity  is  confined  to  the  part  of  the  animal  anterior  to  the  lesion. 
The  calcium  and  the  strontium  salts  appear  to  be  equally  efficient 
in  suppressing  the  parathyroid  tetany  symptoms.  The  length  of 
time  that  the  symptoms  are  kept  in  abeyance  by  these  salts  varies 
indirectly  with  the  severity  of  the  symptoms  and  the  degree  of  cachexia. 
The  salts  act  very  rapidly  in  the  case  of  the  milder  s>Tnptoms,  while 
in  the  later  stages  of  the  disease  they  have  little  or  no  action. 

The  parathyroid  tetany  symptoms  (except  extreme  stages)  in  dogs 
are  suppressed  for  varying  periods  by  extracts  of  the  hypophysis, 
hypertonic  sugar  solution,  albumoses,  amyl  nitrite,  section,  and 
stimulation  (afferent  fibres)  of  the  vagi. 

The  arterial  blood  pressure  is  relatively  high  in  parathyroid  tetany. 
Intravenous  injection  of  calcium  lactate  shows  the  heart  and  lowers 
the  arterial  pressure,  but  not  sufficiently  to  greatly  diminish  the  blood 
flow  through  the  brain. 

Parathyroid  tetany  in  dogs  is  accompanied  by  gastro-intestinal 
disorders:  anorexia,  vomiting,  diarrhea  (usually),  pain  in  the  abdom- 
inal region;  and  in  the  majority  of  our  cases  h}peremia,  hemorrhages, 
and  ulcers  of  pyloric  and  duodenal  mucosa.  The  hyper-excitability 
of  the  peripheral  nerves  in  dogs  in  parathyroid  tetany  is  usually,  but 
not  always,  shown  by  stimulation  of  the  phrenic  nerves  by  the  action 
current  of  the  heart. 

It  appears  that,  with  the  exception  of  parathyroid  transplantation, 
all  measures  that  have  so  far  proved  efficient  in  suppressing  the  para- 
thyroid tetany  symptoms  are  only  temporary  palliatives.  Their 
action  is  complicated  by  the  spontaneous  periodicity  of  the  symptoms 
in  the  early  stages  of  the  disease.  The  efficiency  of  these  measures 
varies  indirectly  with  the  stage  of  the  cachexia,  and  the  severity  of 
the  excitation  symptoms. 

It  appears  that,  with  the  exception  of  parathyroid  transplantation, 
the  action  of  all  measures  that  suppress  the  excitation  symptoms  can 
be  accounted  for  by  decreased  excitability,  primarily  of  the  nervous 
tissues.  The  excitability  is  decreased  directly  by  the  drug  action  of  the 
calcium  and  the  strontium  salts  and  by  hypertonicity ;   indirectly  by 
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substances  or  measures  that  cause  partial  anemia  of  the  brain  through 
vaso-dilation  (tissue  extracts,  albumoses,  amyl  nitrite,  stimulation  of 
the  depressor  nerves).  None  of  these  measures  have  therefore  any 
specific  significance  as  regards  the  cause  and  nature  of  parathyroid 
tetany. 

ADDENDUM. 

Since  our  paper  went  to  press  two  studies  on  the  nitrogenous  metab- 
olism in  dogs  in  parathyroid  tetany,  by  Cooke  ^  and  by  Greenwald,^ 
have  appeared.  Both  observers  found  an  increase  in  the  undetermined 
nitrogen  in  the  urine,  and  Greenwald  points  out  that  this  indicates 
liver  deficiency.  The  latter  observer  finds  no  appreciable  increase  in 
the  ammonia  content  of  the  blood.  This  is  in  accordance  with  our 
present  results.  The  data  on  the  urine  ammonia  are  conflicting.  The 
analyses  of  Cooke  show  on  the  whole  a  great  increase,  relative  and  ab- 
solute, in  the  ammonia  content,  while  Greenwald  concludes  that  there 
is  little  or  no  increase  in  the  urine  ammonia.  The  explanations  offered 
by  Greenwald  to  account  for  these  discrepancies  should  be  subjected 
to  experimental  verification. 

The  work  of  Ott  ^  came  into  our  hands  also  after  our  paper  had  gone 
to  press.  Ott  finds  that  the  parathyroid  nucleo-proteid  of  Beebe 
greatly  lowers  the  blood  pressure.  This  confirms  our  surmise  that 
this  substance  acts  through  vaso-dilation,  just  Uke  amyl  nitrite,  albu- 
moses, and  organ  extracts  in  general. 

Ott's  experiments  with  extracts  of  the  hypophysis  in  parathyroid 
tetany  are  much  more  extensive  than  ours,  but  with  the  same  general 
results.  Ott's  conclusion  that  this  action  of  hypophysis  extract  is 
specific  is  not  well  founded,  in  view  of  our  results  with  depressor  sub- 
stances in  general.  Neither  are  we  justified  in  speaking  of  any  of  the 
measures  that  have  so  far  proved  to  be  temporary  palliatives  in 
parathyroid  tetany  as  ''curing^'  the  tetany. 

^  Cooke:  Journal  of  experimental  medicine,  191 1,  xiii,  p.  339. 
^  Greenwald:  This  journal,  191 1,  xxviii,  p.  103. 
'  Ott:  Internal  secretions,  Easton,  Pa.,  1910. 
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THE  PROBLEM  AND  METHOD.  — 11.  VISCOSITY  OF 
BLOOD,  PLASMATA  AND   SERA. 

By   CHARLES  D.   SNYDER  and  MARTILLUS  H.  TODD. 
[From  the  Physiological  Laboratory  of  the  Johns  Hopkiiis  University.] 

I. 

TN  order  to  understand  better  the  underlying  causes  of  the  effects 
of  temperature  upon  the  living  organism,  it  seemed  highly  desir- 
able by  one  of  us  ^  to  have,  first,  a  better  knowledge  about  these 
effects  upon  the  more  elementary  parts  of  the  organism,  and  above 
all  upon  the  physical  properties  of  such  parts. 

It  was  with  this  end  in  view  that  the  present  series  of  experiments 
was  begun.  The  first  material  selected  for  study  was  naturally  that 
which  is  most  easily  obtained  and  at  the  same  time  that  which  has 
the  most  general  importance,  namely,  blood,  and  its  fluid  derivatives. 
As  far  as  we  have  been  able  to  ascertain,  determinations  of  the  vis- 
cosity of  these  fluids  have  not  yet  been  made  for  any  considerable 
range  of  temperature.  The  determinations  of  du  Pre  Denning  and 
Watson  and  of  Burton-Opitz,^  for  example,  extended  for  the  most  part 
only  between  30°  and  45°.  We,  on  the  other  hand,  have  chosen  0° 
to  45°  for  our  limits,  these  being  generally  the  bounds  of  physiological 
action.  Wherever  our  observations  do  not  reach  these  limits  it  will 
be  for  the  reasons  either  that  the  material  was  no  longer  in  good 
condition  (due  to  changing  temperature  effects,  or  to  unaccountable 
changes  from  a  homogeneous  to  heterogeneous  systems,   to  speak 

^  Snyder:  This  journal,  1909,  xxv,  p.  xxvi'i. 

2  Burton-Opitz:   Archiv  fiir  die  gesammte  Physiologic,  1900,  Ixxxii,  p.  470; 

DU  Pre  Denning  and  Watson:  Proceedings  of  the  Royal  Society,  Series  B.,  1906, 

Ixxviii,  p.  328. 
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generally)    or   for  other   technical  difficulties,   which    would   render 
further  observations  no  longer  comparable. 


11. 

Since  the  object  of  these  experiments  is  to  know  the  relative  influ- 
ence of  temperature,  only  relative  viscosities  have  been  determined. 

The  method  employed,  therefore,  has  been  essentially  that  of 
Ostwald.^  The  viscosity  tubes  used  were  made  after  the  pattern  of 
that  author,  as  well  as  the  thermostat  and  thermo-regulator,  modified 
according  to  Beck  and  Hirsch."*  The  viscosimeter  and  pressure  appa- 
ratus of  these  latter  authors  we  have  used  also,  but  to  no  particular 
advantage.  The  tubes  devised  by  du  Pre  Denning  and  Watson 
(loc.  cit.)  to  prevent  the  settling  of  blood  corpuscles  have  not  yet  been 
used,  since  we  have  not  yet  worked  with  whole  blood  extensively. 

The  method  requires  that  the  specific  gravity  of  the  fluids  examined 
be  known.  For  the  present  investigation  it  was  held  to  be  essential 
that  the  specific  gravities  be  determined  as  accurately  as  possible  and 
at  several  different  temperatures.  The  only  satisfactory  method  for 
this  purpose  is  that  recommended  by  Ostwald,''  where  the  Sprengel- 
Ostwald  pyknometer  is  employed.  The  simpler  methods  of  Ham- 
merschlag  ^  and  of  Jones  ^  were  only  used  as-  a  check,  or  wherever 
there  seemed  to  be  no  value  in  a  determination  closer  than  the  second 
decimal  place. 

To  make  a  single  specific  gravity  determination  of  a  specimen  of 
blood  or  blood  plasma  at  room  temperature  with  a  Sprengel-Ostwald 
pyknometer  is  a  task  simple  enough.  But  to  make  a  series  of  deter- 
minations of  such  a  specimen  at  intervals  of  5  degrees  from  0°  tc^ 
45°  and  then  to  take  viscosity  readings  for  the  same  specimen  through 
the  same  thermal  gamut,  —  this  we  found  to  be  a  most  difficult  task. 
And  while  we  have  been  able  to  complete  almost  the  series  in  one  or 

^  OsTWALD-LuTHER :  Physiko-chemlsche  jMessungen,  Leipzig,  3^6  Aufl.,  1910, 
p.  231. 

*  Beck  und  Hirsch:   Miinchener  medizinische  Wochenschrift,  1900,  Nr.  49. 

*  OsTWALD-LuTHER :  Loc.  cit.,  p.  177. 

«  Hammerschlag  :  Zcitschrift  fiir  klinische  IMedezin,  1892,  xx,  p.  444. 
^  Jones:  Journal  of  physiology,  1891,  xxii,  p.  299. 
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two  cases,  we  have  no  experiments  as  yet  to  report  where  there  are 
no  gaps  at  all. 

The  capacity  of  the  pyknometer  must  first  be  accurately  determined 
for  each  temperature  at  which  a  specific  gravity  determination  is  to 
be  made.  The  various  weights  of  distilled  water  which  this  vessel 
holds  at  each  of  the  given  temperatures,  together  with  coefficients 
for  correcting  the  differences  in  weight  of  the  empty  tube  at  room 
temperature  and  at  the  new  temperature,  for  air  held  in  solution  by 
the  water,  etc.,^  these  are  the  data  from  which  one  calculates  the 
volume  of  the  tube  at  the  given  temperature.  The  determination  of 
the  specific  gravities  of  the  fluid  under  examination  becomes  now  a 
mere  matter  of  routine.  The  specific  gravities  of  w^ater  at  various 
temperatures,  as  determined  by  Thiessen,  Scheel  and  Diesselhorst  ^ 
(1900),  are  made  use  of  as  shown  below. 

The  relative  viscosity  of  the  fluid  is  then  calculated  from  the  well- 
known  formula, 

^1  k 

•JQ   ''0 

where  s^  and  t^  represent  the  specific  gravity  and  the  time  of  flow, 
respectively,  of  the  fluid  examined;  So  and  ^0,  the  same  quantities  for 
distilled  water;  and  ^0  represents  the  absolute  viscosity  of  water. 
Of  course,  all  the  values  must  be  taken  for  some  given  temperature 
and  pressure. 

For  values  of  '/o  we  took  the  temperature  determinations  of  Thorpe 
and  Rodgers.^'^  To  put  Vo  equal  to  unity,  as  is  sometimes  done,  or  to 
the  viscosity  coefficient  of  water  at  37°  in  every  case,  as  was  done  by 
du  Pre  Denning  and  Watson,  would  give  results  worthless  for  com- 
parison in  this  work. 

Having  determined  the  viscosity  of  a  given  fluid  at  each  temperature 
according  to  the  method  just  described,  a  temperature  coefficient  of  the 
viscosity  may  then  be  calculated. 

*  Bornstein:  In  Landolt-Bornstein-Meyerhoffer,  Physikalisch-chemische 
Tabellen,  3te  Aufl.,  1905,  p.  42. 

^  TraESSEN,  ScHEEL  und  Diesselhorst:  Ibid,  and  Wissenschaftliche  Abhand- 
lungen  der  Physik.  —  Technische  Reichsanstalt,  1900,  iii,  p.  68. 

^°  Thorpe  and  RoDGERS :  Philosophical  transactions,  1894,  A,  cbcxxv,  p.  397; 
Proceedings  of  the  Royal  Society,  1894,  Iv,  p.  148. 
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III. 

In  the  following  table  are  brought  together  the  results  of  our  deter- 
minations of  dog  peptone  plasma."  The  table  contains  the  data 
necessary  for  the  calculation  of  (i)  the  viscosity  at  any  temperature; 
(2)  the  temperature  coefi&cient  for  intervals  of  10  degrees. 

TABLE  1. 
The  Viscosity  of  Dog's  Peptone  Plasma  as  influenced  by  Temperature 

(ViSCOSIMETER   NO.    IV). 


Distilled  Water. 

Dog's  Peptone  Plasma,  Specimen  No.  2. 

Tem- 
pera- 
ture. 
C. 

Absolute 

viscosity. 

Thorpe 

and 
Rodgers 
iVo) 

Time  of 
flow  in 
seconds. 
Tube  iv 
(to) 

Time  of 

flow 

times 

specific 

gravity 

(sok) 

Specific 

gravity 

(^1) 

Time  of 

flow  in 

seconds. 

Tube  iv 

Oi) 

Time  of 

flow 

times 

specific 

gravity 

Relative 
viscosity 

Vi     Vo. 

Soto 

Temp, 
coef.  for 
inter\-als 

of  10° 
(Oic) 

0 

5 

10 
15 
20 
25  - 
30 
35 
40 
45 

.01778 

.0151 

.0130 

.0113 

.0100 

.0089 

.0080 

.0072 

.0065 

.00597 

280 
237 
205 
180 
158 
140 
126 
114 
104 

280 

237 

205 

180 

158 

139.6 

125.5 

113 

103 

1.0246 
1.0235 
1.0179 
1.0172 

573 
493 
411 
348 
306 
266 
240 
213 
190 

587 

504 

420 

355 

311.5 

270.6 

244 

216 

193 

.03726 

.03201 

.0265 

.02254 

.01973 

.01719 

.0155 

.01376 

.01242 

1.48 
1.42 
1.34 
1.31 
1.27 
1.25 
1.24 

This  table  contains  all  the  data  necessary  for  the  calculation  of  the 
values  found  in  the  last  two  columns,  excepting  the  specific  gravity  of 
water,  and  will  suffice  as  an  illustration  of  the  derivation  of  the  results 
of  the  following  determinations. 

"  The  authors  have  to  thank  Mr.  H.  L.  Cecil,  working  with  Professor 
Howell,  for  the  very  efficient  peptone  used  for  this  plasma. 
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Of  dog's  oxalate  plasma  (sp.  gr.  at  15°,  1.031): 


temp.  = 

0° 

10° 

20° 

30'' 

■ni       = 

. 

0346 

.0240 

.0181 

.0141 

Qio      = 

1.42 

I 

•32 

1.28 

Of  cat's  serum: 

temp.  = 

0° 

10° 

20° 

30° 

^1         = 

0294 

.0209 

.0156 

.0121 

Qio      = 

1.40 

I 

•34 

1.29 

Of  hog's  serum: 

temp.    = 

20° 

25° 

30° 

.35° 

40° 

45° 

sp.  gr.  = 

1-0215 

.... 

1. 01 84 

.... 

1.0152 

.... 

^1      = 

.0188 

.0163 

.0143 

.0125 

.0111 

.0097 

Qio  = 

.... 

I-3I 

1.30 

1.29 

1.288 

.... 

Of  hog's  defibrinated  blood: 

temp.    = 

20° 

25° 

30° 

35° 

40° 

45° 

sp.  gr.  = 

1.0598 

.... 

1.0566 

.... 

.... 

1.0518 

Vi      = 

•095 

.0729 

.0572 

.046 

.0382 

•03s 

Qio    = 

.... 

1.66 

1.58 

1-37 

I-3I 

.... 

Using  the  Beck  and  Hirsch  pressure  apparatus  attached  to  the 
viscosimeter,  the  following  results  were  obtained  for  a  specimen  of  pep- 
tone blood  of  the  dog.  Of  course  in  this  case  the  time  of  flow  of  the 
blood  had  to  be  compared  with  the  time  of  flow  of  some  fluid  more 
viscous  than  water.  Aniline  oil  was  chosen,  the  specific  gravity 
and  viscosities  of  w^hich,  at  intervals  of  5  degrees  from  0°  to  45°, 
had  to  be  determined  beforehand.  The  latter  determinations  being 
more  purely  physical-chemical  studies  will  be  published  elsewhere. 
The  results  by  this  method  are  as  follows: 

Of  (whole)  blood  of  the  dog,  peptonized: 

temp.  =  0°  10°  20°  30" 

Vi        =  .1173  -0696  .044  .0338 

Qio      =  1.68  1.58  1.30 
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Summary. 

The  results  of  this  study  may  be  summarized  at  this  point  as  follows : 

1.  Like  the  viscosity  of  water  and  other  fluids  of  definite  chemical 
composition,  the  viscosity  of  blood,  plasmata  and  sera,  increases 
with  fall  of  temperature.  This  corroborates  and  extends  the  find- 
ings of  Burton-Opitz  and  of  du  Pre  Denning  and  Watson. 

2.  The  temperature  coefficients  of  the  viscosity  of  blood,  plasmata 
and  sera,  for  intervals  of  lo  degrees  varies  with  the  temperature,  the 
larger  coefficients  being  for  the  lower  and  the  smaller  for  the  higher 
ranges  of  temperature. 

3.  This  variation  of  temperature  coefficient  is  in  the  same  direc- 
tion and  of  the  same  character  as  the  variation  of  the  temperature 
coefficient  of  velocities  of  chemical  reactions  and  of  physiological 
actions.  A  comparison  and  discussion  of  these  facts  will  be  found  in 
another  paper. 


il 


ON  THE  MEANING  OF  VARIATION  IN  THE  MAGNITUDE 
OF  TEMPERATURE  COEFFICIENTS  OF  PHYSIOLOGI- 
CAL PROCESSES. 

By  CHARLES  D.   SNYDER. 
[From  Ike  Physiological  Laboratory  of  the  Johns  Hopkins  University.] 


TN  a  former  note  ^  it  was  briefly  pointed  out  that  one  of  the  char- 
-*■  acteristics  of  the  temperature  coefficients  of  physiological  processes 
is  the  tendency  for  their  values  always  to  grow  greater  for  the  lower 
and  smaller  for  the  higher  ranges  of  temperature.  This  is  brought 
out  most  strikingly  in  Table  I,  where  the  coefficients  for  very  different 
processes  are  shown. 

Many  more  examples  could  be  added  to  the  list.  In  fact,  the 
writer  knows  of  no  case  where  this  variation  does  not  occur.  Now  in 
cases  where  the  mean  value  of  the  coefficients  Kes  between  2  or  3,  it 
has  been  argued  that,  on  account  of  this  variation,  such  coefficients 
cannot  be  regarded  as  evidence  of  underlying  chemical  action.  It  is 
for  this  reason,  for  example,  that  Mile.  Filon,-  working  under  the 
direction  of  M.  L.  Lapique,  concludes  that  "one  may  not  make  use 
of  the  influence  of  temperature  upon  excitabiHty  as  proof  that  the 
essential  process  of  excitation  is  a  chemical  phenomenon."  The 
values  of  Qio  in  this  author's  experiments  on  excitability  of  frogs' 
sartorius  were  4.2  between  $^  and  15°  and  2.0  between  15°  and  25°; 
of  frogs'  gastrocnemius,  the  values  were  2.0  between  5°  and  15°  and 
1.4  between  15°  and  25°. 

However  correct  the  logic  in  this  argument  may  be,  the  conclusion  is 
invalid  because  the  major  premise  upon  which  it  is  based  is,  as  a 

^  Snyder,  CD.:  Proceedings  of  the  American  Physiological  Society,  1909. 
See  This  journal,  1909,  xxv,  p.  xxvii. 

^  FiLOV,  Genevieve:  Journal  de  physiologie  et  de  pathologic  generale,  1911, 
xiii,  p.  19. 
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matter  of  fact,  incorrect.  That  is,  the  value  of  Qio  for  purely  chemical 
reactions  is  not  always  constant,  as  the  author  quoted  supposes,  but 
varies  in  many  cases  as  it  does  for  physiological  actions,  the  value  of 
Qio  being  greater  for  the  lower  ranges  than  for  the  upper  ranges  of 
temperature.    To    see   this,  one    needs   only  refer  to  the  hterature. 


TABLE  I. 


k  at  10° 

k  at  15° 

k  at  20° 

k  at  25° 

k  at  30° 

k  at  35° 

Temperature  coefficient  for 

katO° 

kat5° 

k  at  10° 

katl5° 

k  at  20° 

kat25° 

Rate    of    beat    of    isolated 

heart  of  the  turtle   .    .    . 

10.2 

3.5 

2.2 

2.1 

1.9 

1.4 

Rate  of  beat  of  the  isolated 

sinus  venosus  of  the  frog 

(3.5) 

2.9 

2.6 

2.1 

1.6 

(1.5) 

Velocity  of  nerve  conduction, 

—  ischiadicus  of  the  frog 

(2.7) 

2.7 

2.3 

1.8 

1.8 

1.5 

Respiratory  rate  in   larvae 

r 

of    dragon  flies   on    low 

2.7 

2.0 

1.9 

1.8 

1.5 

oxygen  supply  (Babak  & 

1  •  •  • 

Rocek)  s 

\ 

Coagulation  time  of  blood 
(Addis)^ 

5.0 

4.0 

3.8 

2.7 

2.3 

2.5 

Plasmolysis  of  plant  stems 
(van  Rysselberghe)^     .    . 

3.5 

3.3 

1.8 

1.2 

1.1 

"Muscle  rhythm"  in  turtle, 
normal  innervation  (Piper)® 

2.0 

1.9 

1.6 

1.4 

1.4 

But  since  this  point  is  one  upon  which  the  burden  of  this  paper  chiefly 
rests,  the  writer  will  take  the  liberty  of  reviewing  the  evidence  in 
some  detail. 

The  values  of  Qio  in  the  reaction  of  monochloracetic  acid  and  glycolic 
acid,^  and  of  the  reaction  2  Fe"  +  2H  +  CIO'3  =  2  Fe'"  +  CIO'2  +  HoO 
as  observed  by  Hood  ^  and  by  Noyes  and  Wason,^  are  greater  for  the  lower 
and  smaller  for  the  higher  temperatures.    This  is  true  also  for  the  reaction 

^  Babak  und  Rocek:  Archiv  fiir  die  gesammte  Physiologic,  1909,  cxxx,  p.  477. 
See  Table  III. 

*  Addis:   Quarterly  journal  of  experimental  physiology,  1908,  i,  p.  305. 

*  Van  Rysselberghe:  Bulletin  de  rAcademie  royale  de  Belgique,  1901, 
xxxix,  p.  173. 

^  Piper:  Archiv  fiir  Physiologic,  1910,  p.  207. 

^  Schwab:  Recueil  de  travaux  chimique  Pays-Bas,  1883,  ii,  p.  164.  Quoted 
from  Trautz  and  Volkmann. 

8  Hood:  Philosophical  magazine,  1885,  xx,  p.  185. 

^  NoYES  and  Wason:  Zcitschrift  fiir  physikalische  Chcmie,  1S97,  xxii,  p.  210. 
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H2O2  +  2  HI  =  I2  +  2  H2O, 

observed  by  Harcourt  and  Esson.^"    The  values  for  this  reaction  are: 

t  =  0°  10°  20°  30°  40°  50° 

k  =         i.oo         2.08         4.32         8.38  16.19  30-95 

Qio        =  2.08         2.07  1.94         1.93  1.91 

In  the  hydrolysis  of  nitrobenzamide,  as  reported  by  Remsen  and  Reid/^ 
we  have: 

t  =  60°  70°  80°  90°  100° 

k  =  0.058  0,107  0.184  0-305  0.485 

Qio      =  1.84  1.72  1.65  1.59 

Bugarzsky's  ^^  velocities  in  the  reaction  of  bromine  upon  ethyl  alcohol 
give  these  values: 

t  =  0°  10"  20°  30° 

k  =  .0069  .0210  .0640  0.182 

Qio       =  3-05  3-04  2.85 

For  the  reaction  of  methyliodide  and  sodiumethylate  as  observed  by 
Hecht  and  Conrad/'  and  arranging  the  coefficients  seriatim  from  lower 
to  higher  temperature,  we  have  the  following: 

3.48  3.40  3.26  3.22  3.36 

For  the  intramolecular  reactions  ^^  (i)  in  anissynaldoxim,  we  have  3.41, 
2.58,  2.25;   (2)  in  anisaldoximacetate,  2.42,  2.30,  2.07. 

In  the  transition  of  diazoamido  into  amidoazo  compounds,  we  have  the 
following:  ^^ 

t  =  25^  35°  45°  55" 

k  =  .006  .0246  .081  .253 

Qio        =  4-1  3-29  3-12 

'"  Harcourt  and  Esson:  Philosophical  transactions,  1867,  clxvii,  p.  117, 
"  Remsen  and  Rek):  American  chemical  journal,  1899,  xxi,  p.  281. 
^^  Bugarzky:   Zeitschrift  fiir  physikalische  Chemie,  1903,  xlii,  p.  545. 
"  Hecht  und  Conrad:  Ihid.,  1889,  iii,  p.  450. 
"  H.  Ley:  Ibid.,  1895,  xviii,  p.  376. 

^^  GoLDSCHMiDT  utid  Reinders:   Berichte  der  deutschen  chemischen  Gesell- 
schaft,  1899,  xxix,  p.  1369. 
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For  the  case  of  saponification  of  ethyl  acetate  as  shown  by  Warder  ^^ 
the  values  of  Qio  are: 

2.21  1.97  1.87  1.76; 

and  those  for  the  hydrolysis  of  carbonsulphid  from  the  work  of  Buchbock  ^^ 


are: 


3-87  3.5  3-6  3-35 


In  view  of  the  very  small  coefficients  obtained  by  Kooij  ^^  in  the  decom- 
position of  arsine  and  phosphine,  namely,  1.2,  between  250°  and  500°,  van't 
Hoff  ^^  thought  that  the  value  of  Qio  would  be  found  to  diminish  gradually 
if  observations  could  be  made  over  sufficiently  great  ranges  of  temperature. 
That  the  decrease  may  still  go  on  is  shown  by  the  results  of  Bodenstein  2" 
for  the  decomposition  of  hydrogen  iodide: 


t      = 

3oo°-3io° 

0                0 

400  -410 

5oo°-5io° 

Qio  = 

1.89 

1.64 

1-53 

Using  these  facts  as  a  starting  point,  Trautz  and  Volkmann  ^^  made  a 
special  investigation  of  the  phenomenon.  They  used  the  reaction,  saponi- 
fication of  fatty  acid  esters  in  dilute  solutions,  as  material.  In  all  cases 
they  found  a  general  tendency  for  the  value  of  Qio  to  diminish  with  rise 
of  temperature.^^ 

The  magnitude  of  the  temperature  coefficient  for  differences  of  10 
degrees  varies,  then,  not  only  for  physiological  actions  but  also  for  many 
chemical  reactions.  In  both  orders  of  phenotnena  the  variation  is  in 
the  same  direction. 

II. 

This  similarity  of  variation  in  both  cases  is  remarkable,  and  one 
asks  at  once  as  to  what  the  causes  thereof  may  be. 

*^  Warder:  Berichte  der  deutschen  chemischen  Gesellschaft,  i88i,xiv,  p.  1365. 

'^  Buchbock:  Zeitschrift  fiir  physikalische  Chemie,  1897,  xxiii,  p.  156. 

"  Kooij:  Ibid.,  1893,  xii,  p.  161. 

"  van't  Hoff:  Studien  zur  chemischen  Dynamik,  1896,  p.  138. 

2°  Bodenstein:  Zeitschrift  fiir  physikalische  Chemie,  1899,  xxix,  p.  314; 
1894,  xiii,  p.  56. 

-^  Trautz  und  Volkmann:   Ihid.,  1908,  Ixiv,  p.  53. 

"  The  maximum  value  of  Qm  which  they  found  at  10°  seems  to  be  a  peculiarity 
of  the  concentration  of  the  reagents,  namely,  i/ioo  normal.  No  such  dist  net 
maximum  is  obtained  in  concentration  of  i/io  or  greater. 
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In  the  case  of  chemical  reactions  van't  Hoff  '^  suggested  that  the 
variation  may  be  due  to  changes  in  the  viscosity  of  the  solvent,  and 
Buchbock  2^  was  able  to  show  that  if  the  viscosity  of  the  solvent  were 
increased  by  the  addition  of  indifferent  substances  (temperature 
remaining  constant)  the  velocity  of  the  reaction  could  be  perceptibly 
slowed.  Trautz  and  Volkmann^^  showed  that  a  very  satisfactory 
mathematical  formula  for  the  influence  of  temperature  upon  saponi- 
fication of  fatty  acid  esters  could  be  developed  by  introducing,  among 
others,  a  differential  factor  for  the  viscosity  of  the  water  used  as  a 
solvent. 

On  the  other  hand,  consideration  of  the  influence  viscosity  may 
have  upon  the  character  and  velocity  of  physiological  action  has 
not  been  entirely  neglected.  Durig  ^^  showed  that  a  diminution  in  the 
velocity  of  nerve  conduction  took  place  in  frogs  whose  tissues  had  a 
smaller  percentage  of  water  and,  presumably,  a  higher  viscosity. 
Demoor  and  Philippson  2"  could  simulate  the  effects  of  temperature 
upon  the  action  of  frogs'  muscles  by  merely  changing  the  tonicity  of 
the  baths  in  which  they  were  kept.  They  attributed  their  results  to 
the  differences  of  viscosity  and  surface  tension  produced  when  the 
baths  abstracted  water  from,  or  gave  water  to,  the  tissues. 

In  a  most  interesting  paper  on  a  physical  theory  of  nerve  conduc- 
tion, and  one  which  has  largely  stimulated  the  author  to  write  the 
present  paper,  Sutherland  -^  has  shown  that  the  velocity  of  the  im- 
pulse at  any  temperature,  within  physiological  Hmits,  may  be  simply 
a  function  of  the  \iscosity  of  water  at  that  temperature.  That  is, 
the  variation  in  conduction  may  be  due  only  to  a  variation  in  the 
viscosity  of  the  chief  (?)  solvent  of  the  nerve  substance. 

On  account  of  the  lack  of  suitable  method,  actual  experimental  data 
obtainable  concerning  the  viscosity  of  living  tissues  have  been  con- 
fined to  those  parts  that  can  be  studied  in  a  fluid  state.    The  Ktera- 

2*  van't  Hoff:  Studien  zur  chemischen  Dynamik,  1896,  p.  138;  Vorlesungen 
iiber  theoretische  Chemie,  1901,  i,  pp.  215  ff. 

^  Buchbock:  Loc.  cit. 

25  Trautz  und  Volkmann:  Loc.  cit. 

2^  Durig:  Archiv  fiir  die  gesammte  Physiologic,  1902,  xcii,  p.  293. 

'^  Demoor  et  Philippson:  Archives  intemationales  de  physiologic,  1908, 
vi,  p.  210. 

"  Sutherland:  This  journal,  1908,  xxiii,  p.  115. 
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ture   and  results  of  the  chief  authors  are  briefly  referred  to  in  an 
article  which  appears  in  the  present  number  of  this  journal.-^ 

From  these  results  it  can  be  found  that  if  one  takes  quotients  for 
the  viscosity  constants  observed  at  interv^als  of  lo  degrees,  one  gets  a 
series  of  coefficients  which,  like  the  values  of  Qio,  of  chemical  and 
physiological  actions,  are  larger  for  the  lower  and  smaller  for  the 
higher  ranges  of  temperature.  What  is  most  remarkable  for  the 
present  purpose  is  the  fact  that  the  coefficients  of  blood  plasma  are 
of  nearly  the  same  magnitudes  and  vary, to  the  same  extent  and  in 
the  same  direction  as  do  the  viscosity  temperature  coefficients  for 
water  and  egg  albumin.    This  is  shown  in  the  following  table. 

TABLE  II. 

Quotients  of  Viscosity  Coefficients  taken  at  Intervals  Apart  of  10  Degrees 

Temperature 


Substance 

0/10 

5/15 

10/20 

15/25 

20/30 

25/35 

30/40 

Water  (after  Thorpe  and 
Rogers) 

Egg  albumin  (after  A.J.  Ewart, 
quoting  W.  Sutherland  .    . 

Peptone  plasma  of  dog's  blood 
(Snyder  and  Todd)  .... 

1.36 
1.48 

1.34 
1.29 
1.42 

1.30 
1.21 
1.34 

1.27 
1.31 

1.26 
1.20 

1.27 

1.24 
1.25 

1.22 
1.14 
1.24 

It  can  be  safely  assumed  that  the  fluid  substances  of  muscle  and 
nerve,  for  example,  have  a  viscosity  coefficient  of  the  same  order, 
and  are  most  probably  affected  by  temperature  in  the  same  way,  as 
blood  plasma.  Does  this  account  entirely  for  the  great  variations 
in  the  values  of  Qio  which  one  finds  for  the  influence  of  temperature 
upon  physiological  actions  ? 


III. 

In  order  to  find,  if  possible,  a  case  where  the  values  of  Qio  varied 
less,  experiments  were  carried  out  on  the  influence  of  temperature 
upon  the  latent  period  and  shortening  phase  of  strips  of  turtle's 
ventricle.    The  experiments  were  done  in  the  fall  of  1909.^° 

2^  Snyder  and  Todd:     This  journal,  1911,  xxviii,  p.  161. 
^°  The  results  of  these  experiments  were  merely  hinted  at  in  a  former  note. 
See  Snyder:  Loc.  cit. 
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Strips  of  ventricle  were  chosen  for  material  (i)  because  of  its  com- 
parative simplicity,  (2)  because  no  complete  data  of  the  sort  desired 
could  be  found  in  the  literature  on  ventricle  strips. 

The  strips  were  suspended  in  moist-air  chambers  from  writing 
levers.  In  this  condition  they  do  not  beat  spontaneously,  as  is  well 
known. 

The  technique  employed  was  that  used  for  recording  latent  period 
and  contraction  cur\'e  of  simple  frog-muscle  preparation,  stimulating 
with  maximal  break  induction  shocks.  The  method  of  regulating  the 
temperature  was  the  same  as  that  used  in  the  author's  work  on  turtle's 
isolated  heart  and  frog's  sinus.  The  results  are  tabulated  below, 
being  typical  observations  in  nine  different  series  of  experiments. 
The  individual  variation  of  the  velocities  was  in  no  case  considerable. 
Here  again  one  sees  the  wide  divergences  of  the  values  of  Qio  as  one 
passes  from  o  degrees  upward. 

TABLE   III. 

The  Time  of  Latency  and  Shortening  of  Turtle's  Ventricle  Strips  at  Various 
Temperatures  ant)  their  Temperature  Coefficients. 


Temperature 

0° 

5° 

10° 

15° 

20° 

25° 

30° 

35° 

Latency  of  contraction  in 

seconds     

2.0 

0.96 

0.40 

0.24 

0.14 

0.09 

0.06 

0.07 

Temperature  coefficient  of 

latency 

,   , 

5.0 

4.0 

2.85 

2.66 

2.33 

1.28 

,  , 

Shortening   phase   in   sec- 

onds       

14.0 

6.0 

4.0 

2.4 

1.6 

1.1 

0.8 

Temperature  coefficient  of 

shortening  phase     .    .    . 

3.5 

2.5 

2.5 

2.18 

2.0 

IV. 

At  this  stage,  and  as  a  concluding  chapter,  it  is  pertinent  to  com- 
pare concisely  the  limits  of  variation  of  the  three  orders  of  phenomena, 
taking  a  type  from  each  order  and  coefficients  within  the  limits  of 
temperature  consistent  with  physiological  action. 

(i)   The  values  of  Qio  for  the  viscosity  of  water  vary  from  1.36  to  1.22. 

(2)  The  values  of  Qio  for  reaction  between  H2O2  +  2HI  vary  from  2.08 
to  1,91. 

(3)  The  values  of  Qjo  for  the  latency  of  contraction  of  ventricle  strip  vary 
from  5.0  to  1.28. 
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Of  these  phenomena,  that  of  viscosity  is  simplest  in  its  nature,  and 
we  may  regard  the  coefficients  observed  for  it  as  representing  purely 
viscosity  relations  of  the  substance  considered.  Not  so  with  chemi- 
cal reaction,  for  besides  the  intra-  or  extramolecular  exchange,  the 
velocity  of  the  phenomenon  depends,  as  we  have  seen,  also  upon  vis- 
cosity. Now,  since  viscosity  is  the  simpler  process  in  the  action,  and 
since  the  coefficients  of  viscosity  are  variable,  we  may  inf^r  that  the 
variation  of  coefficients  in  chemical  reaction  is  due  to  the  variation 
in  viscosity,  the  real  temperature  coefficient  of  the  chemical  reaction 
being  itself  a  constant.  This  constant  may  be  determined  empirically 
from  the  observed  coefficients  of  the  chemical  action  and  the  known 
coefficients  of  the  solvent.  For  the  reaction,  H2O2  +  2HI,  this  constant 
is  about  1.56.  The  observed  and  calculated  values  of  Qio  then  of  the 
reaction  are,  for  temperatures  between  0°  and  50°,  as  follows: 

Qio  observed    =     2.08         2.07         1.94  1.93      1.91 

Qio  calculated  =     2.12         2.03         1.96  1.90     1.86 

Here  the  calculated  value  of  Qio  in  each  case  is  the  product  of  the 
constant,  1.56,  into  the  viscosity  coefficient  at  corresponding  tempera- 
ture. See  Table  II  (water).  The  calculated  values  agree  pretty  well 
with  the  observed  values. 

Without  claiming  that  the  above  treatment  has  any  significance  in 
reality,  one  may,  at  any  rate,  say  that  the  ultimate  explanation  of 
chemical  reaction  velocities  will  be  a  comparatively  simple  one. 

Remembering  at  the  same  time  that  Professor  William  Ostwald  ^^ 
has  referred  to  the  influence  of  temperature  upon  chemical  reactions 
as  "one  of  the  darkest  chapters  in  chemical  mechanics,"  what  shall 
we  say  of  the  influence  of  temperature  upon  physiological  actions? 
Although,  since  Ostwald's  opinion  was  uttered,  something  has  been 
said  also  about  the  influence  of  temperature  upon  physiological 
action,  the  present  author  believes  that  the  matter  is  more  complex 
than  even  that  of  chemical  reaction,  dark  as  that  may  be,  and  cannot 

"  Quoted  after  Mellor,  Chemical  statics  and  dynamics,  1904,  p.  383. 

**  Sutherland:  Loc.  cit.  One  important  objection  to  Sutherland's  theor\'  of 
nerve  is  this:  if  the  nerve  impulse  is  a  "propagation  of  shear  in  the  nerve  sub- 
stance," dead  nerve  ought  to  show  a  demarcation  and  action  current,  as  well  as 
live  nerve.    This,  however,  as  is  well  known,  is  not  the  case. 
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believe  with  Sutherland  ^^  that  viscosity  is  the  only  variable  factor 
with  the  temperature  (for  velocity  of  nerve  conduction.) 

After  a  careful  re\'iew  of  the  facts  at  hand  it  seems  preferable  to 
adhere  to  the  hypothesis  put  forth  in  a  former  paper,^^  namely,  that 
even  in  certain  of  the  simpler  physiological  actions  we  still  have  to 
deal  with  at  least  two  distinct  chemical  actions  whose  fundamental 
velocities  at  any  given  temperature  are  different.  A  common  tempera- 
ture coefficient  would  not  alter  this  difference  in  velocities. 

The  physiological  action,  being  a  resultant  of  the  chemical  reactions, 
might  then  have  temperature  coefiScients  which  would  vary  as  those 
found  by  experiment. 

For  further  details  in  regard  to  this  explanation  the  reader  is  referred 
to  the  original  communication. 

^  Snyder,  C.  D.:  This  journal,  1908,  xxii,  pp.  195-201. 
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XVI.  ON  THE  LOCAL  HEMODYNAMIC  ACTION  OF 
TISSUE   METABOLITES. 

By  a.  J.  CARLSON,  A.  WOELFEL,  and  H.  W.  POWELL. 

[From  the  Hull  Physiological  Laboratory  of  the  University  of  Chicago.] 

TN  the  previous  publications  of  this  series  new  evidence  has  been 
■^  produced  that  seems  to  render  the  factors  of  filtration,  transu- 
dation, and  osmosis,  as  these  processes  are  understood  to-day,  inca- 
pable of  accounting  for  the  production  of  lymph.^  Lymph  contains  an 
excess  of  chlorides  as  compared  with  the  serum  of  the  same  animal. 
The  lymph  is  being  continually  poured  into  the  blood.  The  excess 
of  chlorides  in  the  lymph  cannot  come  from  the  tissue  cells,  because 
in  that  case  the  cells  would  be  depleted  of  chlorides.  The  excess  of 
chlorides  must  therefore  come  directly  from  the  blood  serum.  What- 
ever be  the  mechanism  effecting  this  chloride  concentration  in  the 
lymph,^  the  fact  itself  renders  the  filtration  theory  of  l}Tnph  forma- 
tion untenable.  The  tissue  cells  (and  this  includes  the  endothehum 
of  the  blood  capillaries)  must  therefore  be  looked  upon  as  the  primary 
or  essential  factors.  The  tissue  cells  may  do  this  work  by  means  of 
the  osmotic  pressure  of  the  metabolites  either  within  the  cells  or 
after  being  discharged  into  the  tissue  lymph  (Starling,  Asher);  or 
some  of  the  metabolites  may  act  as  hormones  or  secretagogues  to 
the  blood  and  the  lymph  capillaries  (Carlson).  That  the  mechanism 
is  not  osmosis  seems  to  be  shown  by  the  fact  that  the  lymph  con- 
tinues to  be  produced  under  conditions  where  the  osmotic  pressure  of 

*  Carlson,  Greer,  and  Becht:  This  journal,  1907,  xix,  p.  360;  1908,  xxii, 
p.  104;  Carlson,  Greer,  and  Luckhardt:  Ibid.,  1908,  xxii,  p.  91;  Luckhardt: 
Ibid.,  1910,  XXV,  p.  345. 

-  Hamburger:  Zeitschrift  fiir  Biologic,  1893,  xxx,  p.  143;  Osmotischer 
Druck  und  lonenlehre,  1904,  ii,  p.  54;  Starling,  Journal  of  physiology,  1894, 
xvi,  p.  224. 
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the  serum  is  much  greater  than  that  of  the  lymph,  and  by  the  further 
fact  that  the  greater  osmotic  pressure  of  normal  lymph  as  compared 
to  serum  is  due  to  the  excess  of  chlorides  rather  than  to  tissue  metabo- 
lites. We  have  already  pointed  out  that  these  chlorides  come  from 
the  serum  and  not  from  the  tissue  cells.  The  second  hypothesis  led 
to  the  discovery  that  l>Tnph  itself  has  a  lymphagogue  action  not  de- 
pendent on  blood  pressure  changes.  This  is  interpreted  as  due  to  the 
stimulating  action  of  tissue  lymphagogues  on  the  cells  of  the  blood 
and  lymph  capillaries. 

The  processes  of  formation  of  tissue  lymph  are  to  a  great  extent 
independent  of  the  processes  of  formation  of  Ijonphatic  lymph,  at 
least  in  some  of  the  organs  of  the  body.  Thus,  in  the  active  salivary 
glands  the  rate  of  formation  of  tissue  lymph  from  the  blood  must  be 
nearly  as  great  as  the  secretion  of  the  saHva,  but  these  processes  do 
not  necessarily  involve  increased  production  of  lymphatic  lymph,  as 
judged  by  the  output  of  lymph  from  the  l}Tnphatic  ducts  of  the  glands. 

The  correlation  of  blood  supply  with  tissue  activity  involves  four 
factors:  (i)  oxygen  supply;  (2)  water  supply;  (3)  material  for  oxida- 
tion and  tissue  repairs;  (4)  waste  removal.  In  the  case  of  organs 
whose  activity  yields  a  watery  external  secretion  (salivary,  lachrymal, 
and  mammary  glands,  stomach  and  intestinal  mucosa,  kidney,  lungs, 
liver),  the  circulatory  correlation  in  activity  with  reference  to  the 
water  supply  is  probably  of  greater  importance  than  in  the  case  of 
the  organs  having  no  other  external  secretion  than  the  lymphatic 
lymph.  The  rapid  withdrawal  of  water  from  the  blood  in  the  active 
salivary  glands  would  probably  lead  to  a  concentration  of  the  blood 
to  a  point  involving  impairment  of  the  activity  of  the  organs,  unless 
the  quantity  of  the  blood  flowing  through  the  organ  is  greatly  increased. 
It  is  well  known  that  the  increased  flow  through  the  active  salivary 
glands  is  so  great  that  the  venous  blood  is  actually  less  venous  than 
when  the  gland  is  quiescent,  despite  the  greatly  increased  oxygen  con- 
sumption and  carbon-dioxide  production.  This  seems  like  a  correla- 
tion with  reference  to  the  water  supply  rather  than  to  the  oxygen 
supply  and  the  waste  removal.  In  fact,  when  the  blood  supply  to 
the  active  saKvary  glands  is  diminished,  it  is  the  secretion  of  the  water 
rather  than  the  solids  of  the  saliva  that  is  retarded.^ 

3  Carlson,  Greer,  and  Becht:  This  journal,  1907,  xx,  p.  180. 
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It  is  now  generally  admitted  as  proven  that  reflex  nervous  mecha- 
nisms related  to  the  musculature  of  the  arterioles  are  factors  in  the 
correlation  of  organ  activity  with  blood  supply  in  the  cases  of  most 
if  not  all  of  the  organs  in  the  vertebrates.  But  it  has  not  been  proved 
that  the  heart  nerves  and  the  vaso-motor  nerves  are  the  only  factors. 
This  was  clearly  recognized  by  Gaskell  thirty  years  ago.  "It  is  surely 
worth  the  while,"  he  says,  "to  see  whether  it  is  not  possible  that  the 
chemical  changes  going  on  in  the  organ  itself  may  not  directly  bring 
about  dilation  of  the  blood  vessels  of  that  organ,  and  so,  without 
the  intervention  of  the  nervous  system,  regulate  its  own  blood  supply 
according  to  its  own  needs."  '^  Gaskell  showed  that  weak  acids  diminish 
the  tone  of  the  blood  vessel  musculature,  while  weak  alkalies  increase 
the  tone.  He  then  postulates  the  hypothesis  that  the  muscle  fibres 
of  the  arterioles,  bathed  directly  in  the  lymph  of  the  organ,  are  acted 
on  directly  by  the  tissue  metabolites  in  the  lymph  rather  than  indi- 
rectly after  having  entered  the  blood  stream.  It  was  held  that  organ 
activity  involved  the  production  of  acid  bodies.  According  to  Gas- 
kell these  acid  bodies  diminish  the  tone  of  the  musculature  of  the 
arterioles  and  thus  bring  about  a  local  increased  blood  flow.  Gaskell 
considers  briefly  the  possibility  of  the  action  being  confined  to  the 
capillary  walls,  but  rejects  this  view  as  insufficient  or  untenable. 

Bayliss  and  Starling  have  reported  that  intravenous  injection  of 
boiled  extracts  of  organs  cause  vaso-dilation  of  corresponding  organs, 
and  they  put  forth  the  hypothesis  that  the  normal  vaso-dilation 
accompanying  organ  activity  is,  in  part,  due  to  specific  sensibiHty  of 
the  arterial  walls  to  the  metabolites  of  the  organ  which  they  supply.^ 
Thus  injection  of  muscle  extract  causes  vaso-dilation  mainly  in  the 
limbs,  etc.  According  to  this  view,  the  metabolites  enter  the  blood  in 
the  capillaries,  pass  on  to  the  general  circulation,  and  on  being  re- 
turned to  the  organ  whence  they  came,  act  on  the  walls  of  the  arterioles 
in  a  way  to  diminish  the  tone  of  the  musculature.  This  involves  an 
organ  specificity  of  the  muscular  or  neuro-muscular  apparatus  of  the' 
arterioles.  For  if  the  metabolites  act  on  the  arterioles  in  general, 
their  action  would  defeat  their  own  end:  the  increased  blood  supply 
to  the  specific  organ  in  the  state  of  increased  activity.  The  h\-po- 
thetical  "vaso-dilatin"  (tissue  extracts)  of  Popielski  is  also  considered 

*  Gaskell:  Journal  of  physiology,  1880-18S2,  iii,  p.  48. 
^  Bavliss  and  Starling:  IbiJ.,  1902,  xxvii,  p.  351. 
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to  act  on  the  arterial  walls.®  Vincent  and  Sheen  ^  were  unable  to 
obtain  the  vaso-dilation  from  organ  extracts  reported  by  Bayliss  and 
StarKng.  The  observations  of  May  ^  on  the  blood  flow  in  the  active 
but  denervated  pancreas  seem  to  show  vaso-dilation  as  a  normal 
sequence  of  activity.  According  to  May,  the  tissue  metabolites  act 
on  the  musculature  of  the  walls  of  the  arterioles  as  general  vaso- 
dilators. The  reason  given  for  their  acting  on  the  pancreas  alone  in 
the  case  of  pancreas  activity  is  that  "they  are  formed  locally,  and 
are  present  therefore  in  the  pancreas  alone  in  a  form  sufficiently  con- 
centrated to  produce  their  effect."  It  is  not  clear  whether  May 
adopts  the  h>'pothesis  of  Gaskell  or  that  of  Bayhss  and  Starling. 
Henderson  and  Loewi  ^  interpret  the  vaso-dilator  action  that  accom- 
panies the  sahvary  secretion  produced  by  pilocarpin  as  due  to  me- 
tabohtes  from  the  gland  activity,  and  so  far  as  we  can  make  out  from 
the  footnote  in  which  the  question  is  discussed,  they  follow  the  view 
of  Bayliss  and  Starling  as  to  the  point  of  action  of  these  vaso-dilator 
metabolites.  At  any  rate,  they  do  not  specifically  point  out  that  the 
metabolites  may  increase  the  blood  flow  by  direct  action  on  the 
capillaries,  although  in  a  previous  paper  they  argue  that  the  increased 
blood  flow  through  an  atropinized  submaxillary  gland,  inclosed  in  a 
plaster  of  Paris  cast,  produced  by  chorda  stimulation  may  be  caused 
by  the  action  of  dilator  nerve  fibres  on  the  blood  capillaries.  The 
results  of  their  experiments  require  no  such  hypothesis.  When  the 
gland  is  incased  in  a  plaster  of  Paris  cast  we  have  essentially  the 
same  circulatory  conditions  as  in  the  brain  with  the  skull  intact. 
Increased  blood  flow  through  vaso-dilation,  be  it  arterioles  or  capil- 
laries, can  be  produced  only  by  the  compression  of  the  veins  or  the 
expulsion  of  the  lymph  (or  cerebro-spinal  fluid),  and  secretion.  The 
existence  of  vaso-dflator  nerve  fibres  to  the  walls  of  the  arterioles 
certainly  seems  more  firmly  estabhshed  than  to  the  capillaries,  and 
arterial  dilation  alone  will  account  for  aU  the  facts. 

If  local  vaso-dilation  due  to  the  tissue  metabolites  or  specific  hor- 
mones acting  on  the  capillary  walls  or  on  the  arterioles  is  a  factor  of 

^  PopiELSKi:  Archiv  fiir  die  gesammte  Physiologic,  1908,  cxxvii,  p.  191. 
^  Vincent  and  Sheen:  Journal  of  physiology,  1903,  xxix,  p.  242. 
*  May:  Ibid.,  1904,  xxx,  p.  408. 

3  Henderson  and  Loewi;    Archiv  fur  experimentelle  Pathologic  und  Phar- 
macologic, 1905,  lii,  p.  62. 
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importance  in  organ  activity,  it  would  seem  (i)  that  organs  demand- 
ing the  greatest  increased  blood  flow  in  activity  should  contain  or 
produce  more  of  these  hormones  than  organs  requiring  less  augmented 
blood  flow,  and  (2)  that  the  concentration  and  production  of  these 
hormones  in  the  organs  should  diminish  with  activity.  We  have 
tested  the  hypothesis  along  these  two  lines  in  the  following  way. 


Preparation  of  the  Organ  Extract. 

Equal  quantities  of  the  organs  from  the  same  dog  were  ground  up 
in  washed  sand,  extracted  for  ten  minutes  with  equal  quantities  of 
Ringer's  solution,  filtered  through  cheese  cloth,  and  then  centrifu- 
galized.  The  relative  depressor  action  of  equal  quantities  of  these 
extracts,  injected  intravenously,  were  then  determined  on  dogs  under 
light  ether  anaesthesia.  The  extracts  were  always  used  within  a  few 
hours  after  they  were  prepared.  They  were  kept  on  ice  during  the 
interval  between  the  preparation  and  the  injection.  Of  course  we  do 
not  know  that  this  treatment  of  the  organs  will  jdeld  any  or  all  of  the 
substances  passed  into  the  tissue  lymph  in  normal  activity,  and  we 
are  practically  certain  that  it  yields  substances  not  produced  in 
normal  activity.  But  it  seemed  to  us  that  the  Ringer's  solution 
extraction  would  in  all  probability  yield  less  artifacts  than  would  more 
destructive  treatment  of  the  tissues.  The  active  substance  of  the 
adrenals,  as  well  as  most  of  the  ferments  of  the  digestive  gland,  are 
secured  in  salt  solution  extracts  of  these  organs.  If  our  hypothetical 
vaso-dilation  hormones  in  the  tissues  are  in  any  way  akin  to  these 
they  ought  to  be  secured  in  a  Ringer's  solution  extract. 


The  Relative  Depressor  Action  of  the  Extracts  from  the 

Different  Organs. 

Our  results  are  given  in  Table  I.  It  will  be  seen  that  the  greatest 
depression  is  produced  by  the  organs  having  a  large  external  secre- 
tion, such  as  the  saUvary  glands,  the  pancreas  and  the  mucosa  of 
the  stomach  and  the  intestine.  The  lungs,  kidney,  liver,  and  spleen 
come  next  in  order,  while  the  th}Toids,  th>Tnus,  l>Tnph  glands,  tes- 
ticles, and    skeletal   muscles  have  practically  no   depressor   action, 
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when  prepared  according  to  our  method.  Three  experiments  with 
Ringer's  solution  extract  of  active  mammary  glands  (dog)  place  the 
mammary  glands  in  the  group  with  the  salivary  glands  and  the  pan- 

TABLE  I. 

Intravenous  Injection  of  Ringer's  Solution  Extract  of  Equal  Quantities  of 
Fresh  Organs  from  the  same  Animal.  The  Injections  were  m.ade  into  Dogs 
UNDER  Light  Ether  Anesthesia.  The  Figures  for  each  Tissue  represent 
THE  Average  of  Three  Experiments,  10  c.c.  of  the  Extract  being  injected 
each  Time.  Two  or  Three  Dogs  were  used  for  the  Injections  in  each 
Experiment. 
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creas.  The  lachrymal  glands  were  not  tested.  The  only  organ  so 
far  tested  that  does  not  exhibit  the  above  correspondence  between 
depressor  action  and  secretion  is  the  brain.  Nervous  tissue  has 
no  external  secretion,  but  a  Ringer's  solution  extract  of  the  fresh 
brain  prepared  as  above  produces  a  fall  in  the  blood  pressure 
as  great  or  greater  than  the  extracts  of  the  saUvary  gland  and  the 
pancreas. 
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The  Relative  Depressor  Action  of  Extracts  of  Resting  and 

Fatigued  Salivary  Glands. 

In  these  experiments  the  submaxillary  gland  on  one  side  was  left 
at  rest  and  the  chorda  lingual  nerve  on  the  other  side  stimulated  with 
the  tetanizing  current  intermittently  for  one  and  one-half  to  two 
hours,  or  until  the  gland  had  yielded  45-50  c.c.  of  saliva.    The  dog 
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Figure  1.  —  Four  sevenths  the  original  size.  Dog.  Tracing  of  carotid  blood  pressure. 
Intravenous  injections  of  7  c.c.  Ringer's  solution  extract  of  dog's  submaxillary  gland 
(fresh).  A,  extract  of  fatigued  gland.  B,  extract  of  resting  gland.  Showing  dimi- 
nution of  the  depressor  substance  in  the  fatigued  gland. 

was  under  light  ether  anaesthesia  during  this  period.  The  glands 
were  then  extirpated  and  ground  up  in  washed  sand,  and  extracted 
with  equal  quantities  of  Ringer's  solution  in  the  usual  manner.  The 
salivary  glands  were  chosen  because  they  are  the  most  convenient 
to  obtain  in  a  state  of  rest  and  state  of  fatigue  or  exhaustion. 

Our  results  are  tabulated  in  Table  II.  The  extracts  of  the  fatigued 
glands  show  only  one  third  the  depressor  action  of  the  rested  gland. 
The  Ringer's  solution  extract  of  the  fatigued  glands  contains  much 
less  mucin  than  that  of  the  rested  glands.  But  this  difference  in 
mucin  content  cannot  account  for  the  difference  in  action,  because  a 
Ringer's  solution  extract  of  the  parotid  gland  (dog)  produces  as 
much  depression  as  the  extract  of  the  submaxillary  gland,  although 
the  former  is  practically  free  from  mucin. 

Dog's  Saliva  contains  Depressor  Substances. 

Intravenous  injection  of  10  c.c.  of  submaxillary  saliva  produces  a 
temporary  lowering  of  the  blood  pressure  of  the  same  type  as  the 
extract  of  the  gland.  It  would  thus  seem  that  some  of  the  constitu- 
ents of  the  gland  that  yield  depressor  substances  on  extraction  with 
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Ringer's  solution  pass  into  the  saliva  in  ordinary  physiological  activ- 
ity of  the  gland.  These  substances  in  so  far  as  they  pass  into  the 
saliva  do  not  come  in  contact  with  the  capillaries  or  arterioles  and 
cannot  therefore  have  any  hemodynamic  action. 


TABLE  II. 

The  Depressor  Action  of  Ringer's  Solution  Extract  of  the  Resting  and  the 
Fatigued  Submaxillary  Salivary  Glands  of  the  same  Dog.  The  Glands 
were  extracted  for  the  same  Length  of  Time,  with  Equal  Quantities  of 
the  Solution.  Equal  Quantities  of  the  Extracts  were  injected  intra- 
venously.  The  Figures  give  the  Fall  in  the  Carotid  Pressl"re  in  mm.  Hg. 


No.  of 
experiment. 


1         < 


3         S 


Fall  of  carotid  pressure  iii  mm.  Hg. 


Rested  gland. 
Fall  in  bl.  pressure. 


60 


70 


>     62 


70 


42 


Fatigued  gland. 


Fall  in  bl.  pressure. 


19 


11 


>■     20 


Remarks. 


Intermittent  tetanizing 
of  c.  t.  nerve  for  90'. 
45  c.c.  saliva. 


Intermittent  tetanizing 
of  c.  t.  nerve  for  80'. 
50  c.c.  saliva. 


Intermittent  tetanizing 
of  c.  t.  nerve  for  120'. 
45  c.c.  saliva. 


Intermittent  tetanizing 
of  c.  t.  nerve  for  120'. 
50  c.c.  saliva. 


Intermittent  tetanizing 
of  c.  t.  nerve  for  110'. 
50  c.c.  saliva. 
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The  Nature  and  the  Point  of  Action  of  the  Depressor 

Substances. 

The  fact  that  water  or  salt  solution  extracts  of  the  adrenals  yield 
the  active  principle  of  these  glands,  and  that  ferments  of  the  pancreas 
and  the  gastric  glands  can  be  similarly  extracted,  seems  to  render  it 
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FiRURE  2.  —  Two  fifths  the  original  size.  Dog.  Record  of  carotid  blood  pressure  on 
intravenous  injection  of  4  c.c.  of  Ringer's  solution  extract  of  dog's  submaxillary 
gland  (fresh).  A,  extract  of  resting  gland.  B,  extract  of  fatigued  gland.  Showing 
a  decrease  of  the  depressor  substance  in  the  fatigued  gland. 

probable  that  at  least  some  of  the  substances  produced  during  normal 
activity  of  an  organ  are  present  in  the  organ  extract  as  prepared  in 
these  experiments.  But  it  seems  even  more  probable  that  many  sub- 
stances not  normally  produced  in  the  organ  are  also  present  in  the 
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Figures.  —  Four  sevenths  the  original  size.  Dog.  Record  of  carotid  blood  pressure. 
Intravenous  injections  of  5  c.c.  of  Ringer's  solution  extract  of  dog's  parotid  gland 
(fresh).  A,  extract  not  boiled.  B,  extract  boiled  five  minutes.  Showing  some 
destruction  of  the  depressor  substances  by  boiling. 

extract.  With  the  exception  of  the  adrenals  it  is  therefore  not  pos- 
sible to  say  whether  the  hemodynamic  action  of  an  extract  is  due  to 
physiological  metabolites  or  to  artifacts,  or  to  both.  Albumoses  seem 
to  be  present  in  organ  extracts  in  general.  Extracts  of  stomach  and 
intestinal  mucosa  may  contain  albumoses  absorbed  in  the  course  of 
digestion.  The  pancreas  extract  may  contain  albumoses  owing  to 
digestive  action  of  trypsin.     But  these  possibihties  do  not  apply  to 
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such  organs  as  the  sahvary,  the  lachrymal,  and  the  mammary  glands. 
The  work  of  Lohmann,^"  von  Fiirth  and  Schwartz/^  and  others  point 
to  cholin  as  at  least  one  of  the  depressor  substances  in  the  extracts 
of  most  tissues.  This  might  account  for  the  great  depressor  action 
of  the  salt  solution  extracts  of  nervous  tissues.  In  the  hands  of 
most  investigators,  cholin,  introduced  intravenously,  causes  vaso- 
dilation. Modrakowski  ^^  claims,  however,  that  pure  cholin  causes  a 
rise  instead  of  a  fall  of  the  blood  pressure ;  and  Popielski  ^^  concludes 
that  neither  albumoses  nor  cholin  is  responsible  for  the  depressor 
action  of  organ  extracts  in  general. 

We  can  confirm  the  observations  of  previous  workers  as  to  the 
relatively  great  resistance  of  the  depressor  substance  or  substances 
to  boihng.  This  applies  also  to  the  depressor  action  of  saliva.  Boil- 
ing the  extract  or  the  sahva  diminishes  its  depressor  action  in  all 
cases,  but  does  not  abolish  it.  This  seems  to  point  to  a  relatively 
simple  substance  such  as  albumose  or  cholin.  The  fact  that  the 
fatigued  gland  contains  less  instead  of  more  depressor  substances 
indicates  that  the  depressor  action  is  not  due  to  acid  bodies  produced 
in  activity. 

The  decrease  in  depressor  substances  in  an  organ  pari  passu  with  in- 
creasing activity  and  fatigue  is  so  far  the  only  direct  evidence  at  hand 
in  support  of  the  view  that  in  the  depressor  action  of  organ  extracts 
we  are  dealing  with  hemodynamic  substances  actually  involved  in 
normal  organ  activity.  In  view  of  the  probability  that  organ  extracts 
contain  more  than  one  vaso-dilator  substance,  and  that  the  number 
and  character  of  these  substances  probably  vary  to  some  extent 
with  the  methods  of  extraction,  it  is  premature  to  give  them  a 
specific  name  as  has  been  done  by  Popielski. 

All  workers  in  this  field  seem  to  agree  that  the  lowering  of  the 
blood  pressure  by  small  quantities  of  organ  extracts  is  due  to  a  direct 
action  on  the  walls  of  the  blood  vessels  rather  than  to  an  action  on 
the  heart,  the  vaso-motor  or  the  vagi  centres.  The  usual  interpreta- 
tion is  that  the  depressor  substance  in  the  extract  lowers  the  tonus 
of  the  musculature  of  the  arterioles.    Action  on  the  capillaries  is  not 

^°  Lohmann:   Archiv  fiir  die  gesammte  Physiologie,  1907,  cxviii,  p.  215. 
"  VON  FtJRTH  and  Schwartz:  Ibid.,  1908,  cxxiv,  pp.  113,  261. 
12  Modrakowski:  Ibid.,  1908,  cxxiv,  p.  601. 
"  Popielski:  Ibid.,  1909,  cxxviii,  p.  191. 
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considered.  In  our  own  experiments  small  quantities  of  the  extracts 
did  not  weaken  the  heart  appreciably,  nor  did  atropin  or  sectioning 
of  the  vagi  influence  the  results. 

We  are  unable  to  offer  any  evidence  as  to  the  mode  of  action  or 
point  of  action  of  the  depressor  substances.  The  organ  metabolites 
or  hemodynamic  hormones  may  act  on  the  arterioles  or  on  the  capil- 
laries, or  on  both.  If  the  action  is  on  the  arterioles  we  have  the  alter- 
natives suggested  by  Gaskell  and  by  Bayliss  and  Starling.  Accord- 
ing to  Gaskell's  view,  the  metabohtes  act  on  the  musculature  of  the 
arterioles  from  the  tissue  side,  and  hence  before  reaching  the  blood 
stream.  This  hypothesis  explains  the  localized  action  without  having 
to  assume  a  specificity  of  organ  metabolites  and  organ  blood  vessels. 
The  investigations  in  the  last  ten  years  of  the  mode  of  ending  of  the 
lymph  vessels  in  the  tissues  render  impossible  the  existence  of  the 
relation  between  the  tissue  lymph  and  the  arteriole  musculature 
demanded  by  Gaskell's  hypothesis.  The  tissue  spaces  that  Gaskell 
deals  with  are  the  tissue  spaces  of  the  arteriole  musculature  and  not 
those  of  the  organ  cells.  Even  if  these  two  systems  of  tissue  spaces 
were  not  separated  by  septa  or  membranes  the  metabolites  would 
pass  toward  the  point  of  elimination,  the  capillary  wall,  rather  than 
toward  the  walls  of  the  arterioles.  It  must  be  admitted,  however, 
that  the  transition,  histological  and  physiological,  from  arteriole  to 
capillary  and  from  capillary  to  vein  is  probably  a  gradual  one.  If 
the  capillaries  are  defined,  physiologically,  as  the  regions  of  the  blood 
vessels  mediating  the  exchange  between  the  blood  and  the  tissue 
lymph,  the  capillary  area  probably  begins  before  the  complete  dis- 
appearance of  the  arteriole  musculature  and  extends  for  some  distance 
into  the  smaller  veins,  which  would  render  Gaskell's  h}^othesis  tenable 
in  part. 

If  the  depressor  effect  of  the  organ  extracts  is  due  to  action  on  the 
arterioles,  this  action  must  be  in  accordance  with  the  hx^^othesis  of 
Bayhss  and  Starling,  from  the  blood  side  and  after  the  substances 
have  passed  through  the  endothelial  cells. 

Acting  in  the  capillary  area  the  tissue  metabohtes  may  increase  the 
blood  flow  by  (i)  increasing  the  lumen  of  the  capillaries;  (2)  by 
reducing  the  coefficient  of  external  friction  of  the  capillary  walls. 

The  Hterature  dealing  with  the  contractihty  of  the  walls  of  the 
blood  capillaries,  apart  from  elasticity  and  mechanical  tension,  is 
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reviewed  in  the  recent  paper  by  Steinach  and  Kahn."  Three  t3^es 
of  changes  in  the  capillary  walls  affecting  the  lumen  of  the  capillaries 
have  been  described:  (a)  a  bulging  or  pushing  in  towards  the  lumen 
of  the  spindle-shaped  nuclei  of  the  cells  (Strieker,  Tarschanoff,  Golu- 
beu,  Severini);  (b)  variations  in  the  thickness  of  the  endothelial  cell 
wall  (Strieker,  Biedl);  (c)  actual  contraction  of  the  endothelial  cells 
(Strieker,  Roy  and  Brown,  Steinach  and  Kahn) ,  We  have  not  ourselves 
done  any  work  in  this  field,  but  a  review  of  the  work  of  the  observer 
just  cited  leaves  the  impression  that  the  point  best  established  is  the 
actual  or  independent  contractibihty  of  the  capillary  walls.  It  seems 
to  us  wellnigh  impossible  to  measure  small  variations  in  the  thickness 
of  the  capillary  walls  in  living  tissue  and  under  fairly  normal  physio- 
logical conditions.  The  mechanism  of  the  contractibihty  is  probably 
similar  to  that  involved  in  amoeboid  movement.  The  above  conception 
demands  that  with  an  organ  at  rest  the  capillary  cells  are  in  greater 
"tone,"  that  is,  they  have  greater  thickness  and  are  less  extended. 
This  tone  is  diminished  in  organ  activity,  and  this,  aided  by  the  same 
or  greater  hydrostatic  pressure  in  the  lumen  results  in  increased  size 
of  the  capillary.  One  might  readily  formulate  a  hypothesis  that 
would  account  for  this  change  in  "tone"  by  changes  in  the  surface 
tension  in  the  capillary  cells,  except  for  the  fact  that  recent  work 
seems  to  have  rendered  untenable  the  theory  of  surface  tension  vari- 
ations as  the  essential  factor  in  amoeboid  movements. 

It  is  probable  that  external  friction  is  a  negligible  factor  in  the 
resistance  to  the  flow  of  the  blood  in  the  capillary  region.  With  the 
low  pressure  and  slow  rate  of  flow  the  plasma  film  in  actual  contact 
with  the  surface  of  the  endothehal  cells  must  be  practically  station- 
ary. But  this  does  not  apply  to  the  friction  of  the  blood  corpuscles 
in  contact  with  the  capillary  walls.  There  must  be  more  or  less  con- 
tact of  both  erythrocytes  and  leucocytes  with  the  capillary  walls,  even 
when  the  capillaries  are  of  large  enough  caUbre  to  allow  relatively 
free  passage  of  the  corpuscles.  But  the  capillary  lumen  may  be  so 
small  that  the  erythrocytes  are  actually  pressed  out  of  shape  in  pas- 
sage. Under  such  conditions  the  external  friction  must  be  much 
greater.  The  possibihty  of  variations  in  the  "adhesive  property" 
or  external  friction  of  the  endothehal  cells  with  reference  to  the  cor- 

"  Steinach  and  Kahn:  Archiv  fiir  die  gesammte  Physiologic,  1903,  xcvii, 
p.  105- 
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puscles  is  suggested  by  the  phenomena  of  agglutination,  and  by  the 
clogging  of  the  capillaries  by  the  corpuscles  under  pathological  con- 
ditions. Both  series  of  phenomena  are  undoubtedly  due  to  changes 
in  the  surface  of  the  cells  through  the  action  of  substances  in  solution. 
But  for  the  present  the  suggestion  that  organ  activity  results  in  lower- 
ing of  the  external  friction  of  the  capillary  walls  through  metaboKtes 
or  hormones,  and  hence  an  increased  blood  flow,  must  remain  a  mere 
speculation,  as  we  see  no  way  of  proving  or  disproving  it. 

Since  the  viscosity  of  the  blood  is  diminished  by  elevation  of  the 
temperature  of  the  blood,^^  it  might  be  inferred  that  this  is  a  factor  of 
the  local  increased  blood  flow  in  organ  activity,  since  organ  acti\'ity 
involves  heat  production  and  raises  the  temperature  of  the  blood  in 
the  organ.  But  an  increase  of  the  CO2  tension  in  the  blood  seems  to 
increase  the  viscosity.^^  And  in  the  case  of  the  organs  of  external  se- 
cretion the  temperature  factor  may  be  more  than  counterbalanced  by 
the  concentration  of  the  blood  in  passing  through  the  capillaries  — 
a  concentration  in  corpuscles  in  every  case,  and  in  some  cases  also  a 
concentration  in  the  substances  in  solution.  Thus,  the  blood  coming 
from  an  active  salivary  gland  has  probably  much  greater  viscosity 
than  the  blood  going  to  the  gland.  If  the  viscosity  or  internal  friction 
of  the  blood  and  the  external  friction  on  the  part  of  the  capillary 
walls  were  the  only  factors  concerned  in  the  increased  blood  flow  in 
organ  activity,  there  ought  to  be  little  or  no  increase  in  the  volume  of 
the  active  organ.    This  is  contrary  to  the  facts  in  the  case. 

Henderson  ^"^  has  recently  advanced  the  hypothesis  that  the  calibre 
of  the  capillaries  is  governed  indirectly  by  the  CO2  content  of  the  blood 
(and  the  tissue  l}Tnph)  through  the  "tonus  of  the  tissues."  It  is 
held  that  a  decrease  in  the  CO2  tension  increases  the  tissue  tonus,  and 
the  capillaries  are  thus  compressed  mechanically,  while  an  increase 
of  CO2  has  the  opposite  action.  As  organ  activity  leads  to  an  in- 
creased CO2  tension  in  the  tissue  lymph  and  the  blood,  the  mecha- 
nism pictured  by  Henderson  may  be  a  factor  in  the  production  of  the 
increased  blood  flow  in  an  organ  in  activity.  It  is  not  clear,  how- 
ever, that  small  variations  in  CO2  tension  produce  these  changes 

"  Burton-Opitz:  Archiv  fiir  die  gesammte  Physiologic,  1900,  Ixxxii,  p.  447. 
i«  KoRANYi  and  Bence:  Ibid.,  1905,  ex,  p.  513;  Adam:  Zeitschrift  fiir  klinische 
Medizin,  1909,  Ixviii,  p.  177. 

^^  Henderson:  This  journal,  1910,  xxvii,  p.  152. 
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in  "tissue  tonus,"  especially  in  \dew  of  the  work  of  Lee  and  others 
which  indicates  that  CO2  has  a  primary  stimulating  action,  at  least  on 
muscle  and  nervous  tissue.  Bayliss  found  that  an  increased  CO2 
tension  in  the  perfusion  fluid  in  frogs  augments  the  blood  flow,  but 
he  interprets  this  as  a  direct  vaso-dilator  action  of  the  C02.-^^ 

Summary. 

1.  The  degree  of  depressor  action  of  Ringer's  solution  extracts  of 
fresh  organs  on  intravenous  injection  is  much  greater  in  the  case 
of  organs  having  an  external  (watery)  secretion  than  in  the  case  of 
organs  having  no  external  secretion.  This  supports  the  hypothesis 
of  a  greater  production  of  capillary  dilator  metabohtes  or  hormones  in 
organs  producing  an  external  (watery)  secretion  in  view  of  the  need 
of  a  greater  water  supply  in  the  activity  of  these  organs.  Nervous 
tissue  makes  an  exception  to  this  rule. 

2.  The  degree  of  depressor  action  of  Ringer's  solution  extracts  of 
fresh  organs  decreases  with  the  increasing  fatigue  or  exhaustion  of 
the  organ.  This  statement  is  based  on  experiments  on  the  saHvary 
glands.  This  fact  supports  the  view  that  at  least  some  of  the  hemo- 
dynamic substances  in  the  Ringer's  solution  extracts  of  fresh  organs 
are  metabolites  or  hormones  produced  in  normal  activity.  The  de- 
pressor substances  are  relatively  thermo  stable.  They  appear  to  pass 
into  the  external  secretion,  in  traces. 

3.  The  data  are  discussed  with  reference  to  the  probable  mode  of 
action  of  the  hemodynamic  metabolites  on  the  blood  capillaries. 

'*  Bayliss:  Journal  of  physiology,  1901,  xxvi,  p.  xxxiii;  Ergebnisse  der  Phy- 
siologic, 1905,  V,  p.  319. 


STUDIES  ON  THE  CIRCULATION  IN  MAN.  — III.  THE 
INFLUENCE  OF  FORCED  BREATHING  ON  THE  BLOOD 
FLOW  IN  THE  HANDS.^ 

By  G.  N.  Stewart. 
[From  the  H.  K.  Gushing  Laboratory  of  Experimental  Medicine,  Western  Reserve  University.] 

TN  connection  with  some  experiments  on  the  influence  of  inhaling 
^  oxygen  on  the  blood  flow  in  the  hand  in  a  case  of  cyanosis,  in 
which  apparently  the  cyanosis  was  not  associated  with  any  change 
in  the  respiratory  movements,  it  was  found  necessary  to  know  how 
the  blood  flow  was  afi"ected  by  voluntary  increase  in  the  depth  and 
frequency  of  the  respirations.  Experiments  were  made  for  this  pur- 
pose on  two  normal  persons.  The  hands  being  inserted  into  the  cal- 
orimeters as  described  in  previous  papers,  the  amount  of  heat  given  off 
was  determined  for  a  suflicient  period  with  ordinary  breathing.  Then 
the  subjects  were  instructed  to  breathe  more  rapidly  and  deeply  and 
the  heat  exchange  again  determined  for  a  given  period  of  forced  breath- 
ing. A  period  of  ordinary  breathing  succeeded,  and  then,  perhaps, 
another  period  of  forced  breathing.  The  forced  breathing  was  never 
carried  to  the  point  of  discomfort,  as  the  object  of  the  experiments 
was  to  determine  the  effect  of  a  moderate  increase  in  the  pulmonary 
ventilation.  The  subjects  were  therefore  warned  that  great  efforts 
to  accelerate  and  deepen  the  breathing  were  not  to  be  made.  The 
result  is  all  the  more  striking.    For  in  both  cases  a  very  distinct  dimi- 

^  Paper  I,  "The  measurement  of  the  blood  flow  in  the  hand,"  and  Paper  II, 
"The  effect  of  reflex  vasomotor  excitation  on  the  blood  flow  in  the  hand,"  were 
sent  to  Heart,  191 1,  ii.  A  preliminary  account  of  the  method  of  measuring 
the  blood  flow  in  the  hand  was  communicated  to  the  American  Physiological 
Society,  December  29,  1910  (Stewart:  This  journal,  191 1,  xxvii,  p.  xx),  and 
"A  comparison  of  the  blood  flow  in  the  hands  in  a  case  of  birth  palsy  and  a  case 
of  infantile  paralysis"  was  communicated  to  the  Society  for  Experimental  Biology 
and  Medicine,  December  21,  1910  (Stewart:  Proceedings  of  the  Society  for 
Experimental  Biology  and  Medicine,  1910,  viii,  p.  43). 
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nution  in  the  flow  through  the  hands  was  observed  during  the  periods 
of  increased  respiration.  The  change  is  not  exactly  synchronous 
with  the  alteration  in  the  respiration,  as  is  shown  by  inspection  of 
the  minute  readings  in  the  protocols  cited. 

M.  C.    Age,  23.    Weight,  146  pounds  (stripped).    Height,  5  ft.  10  inches. 
Mouth  temperature,  36.45°.     Rectal  temperature,  37.4°.     Pulse,  88 
(sitting). 
3.45.30  p.  M.    Hands  put  into  bath  at  30.1°. 

3.55.30  P.M.    Hands  put  into  calorimeters,  right  into  A,  left  into  B. 
3050  c.c.  of  water  in  each  calorimeter. 


Time. 

A 

B 

Notes. 

Time. 

A 

B 

Notes. 

3.58 
3.59 
4.00 

29.91 
30.02 
30.13 

29.91 
30.00 
30.12 

Ordinary 
breathing. 

Room  23.9. 

4.16 

4.17 
4.18 

31.22 
31.26 
31.30 

31.22 
31.25 
31.32 

Room  23.0 

At  4.17   ordi- 
nary breath- 
ing resumed. 

4.02 

30.33 

30.31 

Room  22.8. 

4.19 

31.34 

31.36 

4.05 

30.58 

30.53 

4.20 

31.39 

31.41 

Room  23.3. 

4.06 

30.67 

30.63 

4.21 

31.44 

31.43 

4.07 

30.74 

30.72 

4.22 

31.47 

31.50 

4.08 
4.09 

30.80 

30.87 

30.78 
30.84 

At  4.08  began 
deeper      and 
faster  breath- 

4.23 

4.24 

31.53 
31.60 

31.55 
31.63 

Room  23.2. 

4.10 

30.92 

30.91 

ing. 

4.11 

30.98 

30.96 

Room  23.4. 

4.26 

31.73 

31.75 

Room  22.7. 

4.12 

31.04 

31.03 

4.27 

31.79 

31.83 

4.13 
4.14 

31.09 
31.14 

31.10 
31.13 

Room  23.2. 

4.28 
4.29 

31.85 
31.91 

31.89 
31.94 

r  At  4.29  hands 
J  taken    out    of 
1  calorimeters. 

4.15 

31.18 

31.19 

Room  22.9. 

4.44 

31.72 

31.75 

iRoom  23.0. 

Veil 

ime  of  right  hand  ^ 

175  c.c, 

of  left  At 

»0  c.c. 

Taking  the  temperature  of  the  arterial  blood  at  the  wrist  as  36  9 
{i.  e.,  0.5°  below  the  rectal  temperature,  which  was  the  difference 
actually  found  in  this  subject  in  experiments  specially  made  to  deter- 
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mine  the  difference  between  the  rectal  temperature  and  that  of  the 
arterial  blood  coming  to  the  hand),  we  get  for  the  first  period  of  ordi- 
nary breathing  (ten  minutes)  a  flow  of  60.13  gm.  of  blood  per  minute 
for  the  right  hand  and  58.69  gm.  for  the  left  (with  mean  calorimeter 
temperatures  of  30.35  and  30.34  respectively),  i.  e.,  12.66  gm.  per 
100  c.c.  of  hand  per  minute  for  the  right  hand  and  12.76  gm.  for  the 
left.  For  the  first  four  minutes  of  forced  breathing  the  flow  comes 
out  47.28  gm.  per  minute,  or  9.95  gm.  per  100  c.c.  per  minute  for  the 
right  hand,  and  48.5  gm.  per  minute,  or  10.54  gm.  per  100  c.c.  per 
minute  for  the  left  hand.  For  the  next  five  minutes  of  forced  breath- 
ing the  corresponding  numbers  are  37.99  and  7.99  gm.  for  the  right 
hand,  and  37.77  and  8.21  gm.  for  the  left.  For  the  whole  nine  minutes 
of  forced  breathing  the  flow  is  42.08  gm.  per  minute,  or  8.86  gm.  per 
100  c.c.  per  minute  for  the  right  hand,  and  42.52  gm.  per  minute,  or 
9.24  gm.  per  100  c.c.  per  minute  for  the  left  hand.  For  the  first  four 
minutes  of  the  subsequent  period  of  ordinary  breathing  the  flow  is 
40.39  gm.  per  minute,  or  8.50  gm.  per  100  c.c.  per  minute  for  the  right 
hand,  and  40.19  gm.  per  minute,  or  8.73  gm.  per  100  c.c.  per  minute 
for  the  left.  For  the  next  eight  minutes  of  ordinary  breathing  the 
corresponding  numbers  are  55.88  and  11.76  gm.  for  the  right  hand, 
and  56.76  and  12.34  gm.  for  the  left  hand,  almost  as  much  as  in  the 
first  period  of  ordinary  breathing.  It  will  be  seen  that  while  the  flow 
is  diminished  promptly  by  forced  breathing,  the  change  takes  some 
minutes  to  reach  its  maximum.  When  natural  breathing  is  resumed 
the "  flow  increases,  but  again  an  interval  measured  by  minutes  is 
required  for  the  maximum  flow  to  be  attained.  The  maximum  diminu- 
tion of  the  flow  by  the  forced  breathing  (during  the  last  five  minutes 
of  the  period)  is  nearly  36.8  per  cent  for  the  right  hand  and  35.6  per 
cent  for  the  left.  For  the  whole  period  of  forced  breathing  the 
diminution  is  30  per  cent  for  the  right  hand  and  27.6  per  cent  for 
the  left. 

In  the  other  normal  person  investigated  (C.  B.)  the  same  general 
result  was  obtained.  But  it  will  be  instructive  to  cite  a  protocol  for 
two  reasons:  (i)  The  normal  flow  in  the  hands  of  this  person  is  much 
less  than  in  the  case  of  M.  C.  He  belongs  to  the  group  of  normal 
persons  whose  hands  are  habitually  cool  or  cold,-  while  M.  C.  belongs 
to  a  group  with  habitually  warm  hands.    (2)    C.  B.  forced  the  breath- 

'  Stewart:  Cleveland  medical  journal,  May  i,  191 1,  p.  391. 
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ing  to  a  greater  extent  than  M.  B.,  who  was  suffering  from  a  slight 
cold.  This  probably  accounts  for  the  greater  promptitude  with  which 
the  maximum  change  was  reached  in  the  case  of  C.  B.  In  neither  case, 
however,  was  the  exaggeration  of  the  respiratory  movements  excessive. 

C.  B.  Age,  22.  Weight,  130  pounds  (with  clothes).  Height,  5  ft.  83^  inches. 
Mouth  temperature,  36.4.  Pulse,  78  (sitting).  He  says  his  hands  always 
feel  cool.  His  work,  that  of  a  laboratory  assistant,  does  not  differ 
materially  from  that  of  M.  C.  He  had  been  in  the  open  air  on  a  cold 
morning  for  two  or  three  minutes  before  the  experiment  was  begun. 
Before  that,  he  had  been  for  a  considerable  time  indoors. 
11.28.30  A.  M.  Hands  put  into  bath  at  29.8°.  Room,  18.9°. 
1 1. 41. 40  A.  M.  Hands  put  into  calorimeters,  right  into  A,  left  into 
B.    3050  c.c.  water  in  each  (see  table  on  p.  194). 

For  the  first  period  (of  sixteen  minutes)  of  ordinary  breathing  the 
flow  comes  out  18.60  gm.  per  minute,  or  4.53  gm.  per  100  c.c.  of  hand 
per  minute  for  the  right  hand,  and  14.13  gm.'per  minute,  or  3.40  gm. 
per  100  c.c.  per  minute  for  the  left  hand.  For  the  succeeding  period  of 
forced  breathing  (six  minutes)  the  flow  is  only  10.39  g^i-  P^r  minute, 
or  2.43  gm.  per  100  c.c.  per  minute  for  the  right  hand,  a  diminution  of 
over  44  per  cent.  For  the  left  hand  the  corresponding  numbers  are 
8.40  gm,  and  2.02  gm.,  a  diminution  of  40.6  per  cent.  The  decrease 
is  already  apparent  in  the  first  minute.  For  the  first  two  minutes 
after  the  resumption  of  ordinary  breathing  the  flow  for  the  right  hand 
is  13.3  gm.  per  minute,  or  3.1  gm.  per  100  c.c.  per  minute,  and  prac- 
tically the  same  for  the  left.  The  increase,  accordingly,  has  begun, 
but  it  becomes  greatly  accelerated  in  the  next  five  minutes  of  ordi- 
nary breathing,  the  flow  rising  to  24.11  gm.  per  minute,  or  5.65  gm. 
per  100  c.c.  per  minute  for  the  right  hand  and  to  20.36  gm.  per  minute, 
or  4.90  gm.  per  100  c.c.  per  minute  for  the  left  hand.  For  the  immedi- 
ately succeeding  period  of  forced  breathing  (six  minutes)  the  flow 
falls  to  11.47  gm.  per  minute,  or  2.69  gm.  per  100  c.c.  per  minute  for 
the  right  hand,  a  diminution  of  over  52  per  cent,  and  to  12.39  gm. 
per  minute,  or  2.98  gm.  per  100  c.c.  per  minute  for  the  left,  a  diminu- 
tion of  over  39  per  cent.  It  ought  to  be  pointed  out  that  with  such 
small  flows  as  those  seen  in  this  subject,  particularly  after  a  long  immer- 
sion, slight  variations  in  the  cahbre  of  the  vessels  due  to  uncontrolled 
vasomotor  changes  will  cause  relatively  great  effects  on  the  blood 
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Time. 

A 

B 

Notes. 

Time. 

A 

B 

Notes. 

11.39 

29.29 

29.34 

12.07 

29.62 

29.54 

Room  20.0. 

11.43 

29.24 

29.32 

12.08 

29.65 

29.56 

11.45 
11.47 
11.48 

29.31 
29.34 
29.37 

29.34 
29.37 
29.39 

Room  19.8. 

12.09 
12.10 
12.11 

29.69 

29.72 
29.74 

29.61 
29.63 
29.64 

/  He  says  hands 

feel     a     little 

<^  warmer    than 

before  starting 

^deep  breathing. 

11.50 
11.51 

29.38 
29.39 

29.38 
29.39 

12.12 
12.13 

29.76 
29.77 

29.65 
29.65 

At  12.12  started 
deeper      and 
faster  breath- 

11.52 

29.39 

29.40 

12.14 

29.78 

29.66 

mg  agam. 

11.53 

29.42 

29.42 

12.15 

29.79 

29.67 

11.54 

29.47 

29.44 

Room  19.9. 

12.16 

29.79 

29.68 

11.55 

29.49 

29.45 

12.17 

29.80 

29.69 

11.56 
11.57 

29.50 
29.52 

29.45 
29.46 

12.18 
12.19 

29.80 
29.81 

29.70 
29.69 

At  12.18  resumed 
ordinary 
breathing. 

11.58 

29.54 

29.51 

12.20 

29.83 

29.71 

11.59 
12.00 

29.57 
29.57 

29.51 

29.51 

At  11.59  began 
deeper  and  fast 
er  breathing. 

12.21 
12.22 

29.85 
29.86 

29.72 
29.73 

12.01 

29.59 

29.52 

12.23 

29.88 

29.74 

12;02 

29.59 

29.52 

12.24 

29.90 

29.75 

12.03 

29.59 

29.51 

12.25 

29.92 

29.76 

12.04 
12.05 
12.06 

29.59 
29.60 
29.61 

29.52 
29.52 
29.53 

At  12.05  res'm'd 
ord'n'ybr'th'g. 

12.26 
12.39 
12.49 

29.92 
29.74 
29.61 

29.76 
29.60 
29.45 

Hands  taken  out 
of  calorimeters 
at  12.26. 

Room  20.6. 

Room  19.7 

Volume  of  right  hand  4 

27  c.c,  c 

f  left  41 

5  c.c. 

flow.  For  this  reason  the  differences  between  the  two  hands  have 
little  significance  in  this  case.  For  the  same  reason  the  comparatively 
small  increase  in  the  flow  in  the  right  hand  during  the  final  period  of 
ordinary  breathing  (to  16.94  gm.  per  minute,  or  3.97  gm.  per  100 
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c.c.  per  minute)  and  the  absence  of  any  sensible  increase  in  the  left 
hand  (for  which  the  corresponding  numbers  are  12.36  and  2.95)  does 
not  at  all  invaUdate  the  conclusions  deduced  from  the  earher  obser- 
vations in  this  experiment.  The  progressively  increasing  vaso-con- 
striction  in  both  hands,  but  especially  in  the  left,  has  simply  masked 
the  increase  conditioned  by  the  return  to  ordinary  respiration. 

The  cause  of  the  diminution  in  blood  jQow  produced  by  forced  respi- 
ration is  without  question  in  part  a  mechanical  effect  on  the  action  of 
the  heart  due  to  the  changes  in  the  intrathoracic  pressure.  Hill  and 
Flack  -  have  stated  that  the  left  ventricle  becomes  smaller,  as  shown 
by  Roentgen  ray  pictures,  the  radial  artery  emptier,  and  the  arterial 
blood  pressure  lower  with  each  forced  thoracic  inspiration.  That  a 
chemical  change  may  also  be  concerned  is  indicated  by  experiments  on 
the  case  of  cyanosis  already  mentioned,  in  which  oxygen  inhalation 
distinctly  increased  the  blood  flow  in  the  hand  without  affecting  the 
respiratory  movements  or  the  total  pulmonary  ventilation,  while 
in  normal  persons  it  had  no  such  effect.^  It  may  be  that  the  washing 
out  of  the  carbon  dioxide  by  the  forced  respiration  causes,  even  in 
such  short  experiments  and  with  such  moderate  exaggeration  of  the 
respiratory  movements,  those  changes  in  the  distribution  of  the 
blood,  particularly  its  accumulation  in  the  great  veins,  which  Hen- 
derson ^  associates  with  "acapnia,"  and  which,  according  to  him,  are 
so  important  a  factor  in  surgical  shock.  Other  vascular  changes,  for 
example,  a  diminution  of  the  flow  in  the  coronary  circulation  due  to 
the  fall  of  pressure  in  the  aorta,  which  aid  the  mechanical  changes  in 
the  thorax  in  decreasing  the  average  output  of  the  heart,  may  occur. 
Changes  produced  through  the  vasomotor  centre  on  the  peripheral 
vessels  may  also  play  a  more  direct  part.  This  is  at  any  rate  sug- 
gested by  the  fact  that  the  percentile  change  in  the  flow  caused  by 
forced  breathing  is  not  the  same  for  the  two  hands  as  it  might  be 
expected  to  be  were  the  whole  effect  a  cardiac  one.  However,  it  is 
not  intended  to  lay  much  stress  on  this  suggestion,  for  the  initial 
differences  in  the  flow  in  the  two  hands  are  not  sufficiently  great  to 
permit  without  hesitation  the  application  of  this  criterion.^    The  bene- 

2  Hill  and  Flack:  Journal  of  physiology,  1910,  xl,  p.  347. 
^  See  Paper  IV  of  this  series,  Journal   of   pharmacology  and    experimental 
therapeutics,  1911,  ii,  No.  6. 

^  Y.  Henderson:  This  journal,  1910,  xxvii,  p.  152,  etc. 

*  Stewart:  Journal  of  pharmacology  and  experimental  therapeutics,  loc.  cit. 
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ficial  influence  of  oxygen  on  the  flow  in  the  case  of  cyanosis  may  be 
explained  as  the  result  of  the  oxygen  action  in  diminishing  the  excita- 
bility to  carbon  dioxide  of  the  vasomotor  centre  and  other  mechanisms 
affected  by  hypercapnia.  In  this  patient  the  partial  pressure  of  carbon 
dioxide  in  the  alveolar  air  was  found  by  my  colleagues,  Drs.  Macleod 
and  Hoover,  to  be  persistently  much  above  the  normal.  The  ampU- 
tude  of  the  radial  pulse  increased  distinctly  during  oxygen  inhalation. 
The  increase  was  easily  detected  by  the  finger,  and  was  shown  quite 
clearly  on  the  sphygmograms. 


THE  RELATION  OF  STIMULATION  AND  CONDUCTION 
IN  IRRITABLE  TISSUES  TO  CHANGES  IN  THE  PER- 
MEABILITY OF  THE  LIMITING  MEMBR.\NES. 

By  RALPH   S.  LILLIE. 

[Frojn  the  Marine  Biological  Laboratory,  Woods  Hole,  and  the  Physiological  Laboratory, 
Department  of  Zoology,  University  of  Pennsylvania.] 

I.      iNTRODUCTIOISr. 

'  I  ''HE  conception  of  stimulation,  as  a  physiological  process,  may 
-*-  relate  to  the  entire  organism  or  to  an  individual  tissue  or  even 
cell.  It  is  in  its  latter  application  that  I  propose  to  consider  it  in  the 
present  paper.  Any  irritable  cell  or  tissue  —  as  a  protozoon,  a  gland 
cell,  or  an  isolated  muscle  or  nerve  —  may  be  suddenly  aroused  from 
an  apparently  complete  quiescence  to  activity,  or  from  a  less  to  a 
more  active  state,  by  certain  changes  in  its  surroundings.  These 
changes,  physically  considered,  may  be  of  the  most  diverse  kind  and 
yet  evoke  in  the  hving  system  the  same  characteristic  change  of  ac- 
tivity. We  speak  of  the  change  in  the  environment  as  the  stimulus, 
of  that  in  the  cell  or  tissue  as  the  reaction  or  response.  The  latter  is, 
quahtatively  at  least,  constant  and  distinctive  for  any  cell  or  tissue; 
it  may  involve  a  transformation  of  energy  many  times  greater  than 
that  of  the  stimulus.  It  is  characteristic  of  irritable  tissues  —  though 
not  exclusively  so  —  that  there  is  from  the  energetic  point  of  view  no 
constant  and  definable  relation  between  stimulus  and  response:  the 
ratio,  energy  transformation  of  stimulus  to  energy  transformation  of 

fdWs\         ...  ...  •  . 

response  I  -~^  ) ,  varies  within  the  widest  Umits,  not  only  for  different 

cells  and  tissues,  but  for  the  same  tissue  under  different  conditions. 

Hence  a  rigid  and  all-inclusive  brief  definition  of  stimulation  is  difficult 

to  formulate.    Thus  a  change  in  the  direction  of  increased  activity 

is  not  the  only  response  possible  to  an  irritable  tissue :  quite  as  often  the 

change  may  be  in  the  opposite  direction:  we  then  speak  of  inhibition; 
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but  it  is  impossible  to  consider  the  two  processes  apart  from  each 
othep,  and  any  adequate  theory  of  stimulation  will  necessarily  in- 
volve Of  imply  one  of  inhibition.  In  fact,  the  entire  nature  of  the  give 
and  take,  energetic  and  material,  between  living  system  and  sur- 
roundings is  the  question  at  issue.  In  its  most  general  aspect  the  prob- 
lem may  be  proposed  thus:  through  what  means  do  changes  in  the 
environment  influence  the  "vital"  processes  in  the  cell? 

This  question  is  almost  as  broad  as  biology  itself.  What  we  actually 
observe  is  that  the  vital  processes  change,  showing  sometimes  increased, 
sometimes  decreased  activity,  as  the  character  of  the  environment 
changes.  Study  of  the  behavior  of  a  given  cell  or  tissue  under  chang- 
ing external  conditions  discloses  a  certain  constant  correspondence  or 
paralleHsm  between  the  two  series  of  changes.  Although  in  their 
energetics  and  in  the  character  of  their  processes  it  would  be  difficult 
to  imagine  a  more  complete  contrast  than  that  between,  e.g.,  the 
pinching  of  a  nerve  and  the  contraction  of  the  muscle,  the  connection 
is  nevertheless  perfectly  definite  and  constant.  The  scientific  problem 
to  be  solved  relates  to  the  nature  and  conditions  of  this  constant  inter- 
connection. 

It  is  at  once  evident  that  the  response,  even  where  outwardly  in- 
conspicuous as  in  nerve,  is  an  event  of  much  more  complex  nature  than 
the  stimulus.  If  any  such  response,  e.  g.,  a  muscular  contraction,  is 
analyzed  in  detail,  it  appears  as  a  series  of  separate  processes  succeed- 
ing one  another  in  definite  order,  and  of  which  each  is  the  determining 
condition  of  that  (or  of  those)  immediately  succeeding;  these  simpler 
processes  may  be  called  the  serial  components  of  the  entire  response; 
they  may  be  symbolized  by  the  series :  a...h  ...c...d...}  Of  these  the  first 
{a)  or  that  imm.ediately  due  to  the  external  change,  is  the  determin- 
ing condition  of  all  the  others;  it  is  the  primary  or  critical  event  of 
stimulation,  the  Anlass,^  the  first  change  in  the  living  system  as  dis- 
tinguished from  the  change  in  the  non-living  surroundings.     The  re- 

'  Or  perhaps  better,  since  each  event  in  the  series  may  originate  several: 

a(         ^-^   etc. 

\  '    c,< 
etc. 

'  CJ.  Ostwald's  V'orlesungen  iiber  Naturphilosophie,  2d  edition,  p.  299. 
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sponse,  considered  as  a  whole,  is  constant  in  its  nature  or  quality  — 
though  it  may  vary  quantitatively  —  for  a  given  tissue;  hence  the 
initial  or  determinative  process,  a,  must  be  constant  in  its  essential 
nature.  The  question  now  to  be  considered  is:  what  is  the  nature  of 
this  primary  change,  and  why  may  it  be  called  forth  by  such  physi- 
cally diverse  agencies  as  heat,  light,  electricity,  chemical,  osmotic,  or 
mechanical  action,  all  of  which  may  produce  the  same  effect  in  an 
irritable  tissue? 

First,  as  to  the  seat  of  this  change:  it  is  obvious  that  events  in  the 
external  world  must  first  affect  the  surface  of  the  living  cell.  But  it 
is  not  evident  that  an  effect  confined  on  its  first  production  to  the 
surface  must  necessarily  influence  the  processes  in  the  interior.  Con- 
ceivably the  plasma  membrane  may  simply  play  the  part  of  a  protect- 
ive or  insulating  layer,  while  the  distinctively  irritable  mechanism  is 
situated  within,  —  in  the  "living"  protoplasm;  and  in  fact  this  seems 
to  have  been  the  general  or  tacitly  accepted  belief  until  recently. 
There  is,  however,  now  ample  evidence  that  the  plasma  membrane  is 
far  from  being  a  mere  partition  or  passive  barrier  between  living  sub- 
stance and  environment.  It  is  rather  to  be  regarded  as  the  essentially 
irritable  part  of  the  cell,  and  as  playing  the  role  of  a  sensitive  inter- 
mediary between  the  external  world  and  the  living  protoplasm,  so 
that  alterations  of  the  membrane,  particularly  in  its  permeability, 
necessarily  involve  changes  in  the  metabolism  and  hence  in  the  energy 
production  of  the  cell. 

This  conviction  has  been  reached  gradually  as  the  outcome  of  widely 
different  investigations  and  points  of  view.  Studies  of  the  plasmolytic 
action  of  solutions  and  of  the  partition  of  dissolved  substances  between 
living  cells  and  their  media  have  shown  that  the  plasma  membranes 
of  typical  resting  cells  —  like  blood  corpuscles  or  voluntary  muscle 
cells  —  while  freely  permeable  to  water  are  during  hfe  almost  if  not 
quite  impermeable  to  the  majority  of  neutral  salts  and  indifferent  non- 
electrolytes,  such  as  the  sugars,  polyhydric  alcohols,  and  amino-acids. 
The  protoplasm  is  thus  sharply  dehmited  from  its  surroundings  by  a 
surface  film  which  in  spite  of  its  extreme  thinness  is  apparently  less 
permeable  than  the  most  impermeable  of  the  precipitation  membranes 
thus  far  known.'^    This  peculiarity  renders  it  possible  for  the  enclosed 

'  Cf.  Walden's  investigation  of  the  comparative  permeability  of  precipitation 
membranes:  Zeits:hrift  fiir  physikalische  Chemie,  1892,  x,  p.  699. 
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protoplasmic  complex,  consisting  as  it  does  largely  of  easily  diffusible 
crystalloid  substances,  to  differ  absolutely  from  its  surroundings  and 
to  maintain  a  distinctive  and  highly  complex,  composition,  unlike  that 
of  any  other  known  physico-chemical  system.  The  sharp  disconti- 
nuity between  the  cell  and  its  medium  is  thus  conditional  upon  the  im- 
permeability of  the  physical  boundary  between  the  living  substance 
and  its  non-living  environment.  This  impermeability  is  also  the  con- 
dition of  other  and  equally  important  peculiarities.  Phase  boundaries 
in  general  are  the  seat  of  electrical  forces.  The  two  surfaces  of  the 
membrane  —  considering  it  as  of  a  certain  thickness  —  adjoin  differ- 
ent solutions:  each  surface  is  thus  to  be  regarded  as  the  probable 
seat  of  a  potential  difference;  since  the  two  will  in  all  probability  differ, 
the  existence  of  a  potential  difference  between  the  exterior  and  the 
interior  of  the  cell  is  to  be  assumed.  The  degree  of  this  potential 
difference  will  depend  on  the  nature  and  concentration  of  the  ions 
at  the  boundaries  and  on  the  ionic  permeability  of  the  membrane. 
Now  such  potential  differences  have  long  been  known  to  exist  in  irri- 
table tissues;  and,  as  will  be  seen  below,  not  only  the  osmotic  but  also 
the  electrical  properties  of  the  cell  receive  consistent  explanation  on 
the  modern  theory  of  solutions  when  the  nature  of  the  plasma  mem- 
brane is  taken  into  account.  Since  the  sensitivity  of  irritable  tissues 
to  the  electric  current,  and  the  production  of  electrical  currents  by 
such  tissues  during  stimulation,  are  perhaps  their  most  distinctive  and 
constant  characteristics,  it  follows  that  the  plasma  membranes,  as  the 
probable  seat  of  the  electrical  changes  accompanying  stimulation, 
are  also  to  be  regarded  as  the  most  probable  seat  of  the  essential  or 
critical  event  in  the  stimulation  process. 

It  is  important  to  note  that  the  impermeability  indicated  by  plas- 
i;nolytic  or  partition  methods  is  to  be  regarded  not  as  absolute  or  in- 
variable, but  as  more  especially  characteristic  of  cells  during  the  rela- 
tively inactive  or  resting  periods  of  their  existence.  During  activity 
the  conditions  are  changed;  obviously  the  entrance  of  food  materials 
and  salts  into  the  cell  is  incomprehensible  unless  periods  of  increased 
permeability  are  assumed;  and  there  is  in  fact  abundant  evidence 
that  changes  in  the  permeability  of  membranes  play  a  fundamental 
role  in  vital  processes:  witness,  to  cite  one  striking  example,  the  disso- 
lution and  re-formation  of  the  nuclear  membrane  during  mitosis. 
The  facts  and  considerations  to  be  brought  forward  below  indicate  that 
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stimulation  is  also  a  process  in  which  changes  of  permeability  are 
fundamentally  concerned.  During  this  process  the  permeabihty  of 
the  plasma  membrane  apparently  undergoes  a  sudden  and  marked 
increase;  the  state  of  increased  permeability  is  temporary  in  normal 
stimulation,  and  on  cessation  of  the  stimulus  the  former  semi-perme- 
ability is  at  once  regained.^  This  semi-permeability  is  the  normal  con- 
dition of  equilibrium  during  life,  and  in  such  a  tissue  as  voluntary 
muscle  or  nerve  it  returns  very  rapidly  after  stimulation;  hence  any 
change  of  permeability  is  difficult  to  demonstrate  in  these  tissues  by 
direct  methods  (as  by  using  dyes,  etc.)-  The  electrical  variation  or 
action  current,  as  interpreted  on  the  membrane  theory,  is  the  only 
index  of  altered  permeabihty  in  such  cases.  But  in  the  contractile 
tissues  of  certain  invertebrates  and  in  the  osmotic  motor  mechanisms 
of  sensitive  plants  an  increase  in  permeability  during  stimulation  is 
clearly  demonstrable,  as  I  shall  shortly  point  out. 

Before  presenting  direct  evidence  of  an  increased  permeability  during 
stimulation,  it  seems  desirable  to  consider  briefly  the  theoretically 
possible  relations  which  the  semi-permeable  membranes  of  the  irritable 
elements  may  bear  both  to  the  possibility  of  electrical  stimulation 
and  to  the  production  of  the  characteristic  electrical  variation.  So 
far  as  external  evidence  shows,  these  are  the  most  constant  peculiari- 
ties of  irritable  tissues,  and  indeed  in  some  cases,  as  in  nerve  and  the 
electric  organs,  the  only  ones  directly  observable.  The  essential  con- 
ditions of  these  changes  are  therefore  in  all  probability  those  of  the 
stimulation  process  itself. 

II.  Theoretical. 

The  first  unequivocal  evidence  that  the  semi-permeable  membranes 
of  the  irritable  elements  are  the  seat  of  stimulation  was  brought  for- 
ward by  Nernst  in  1899.^    In  its  relation  to  the  electrical  current  any 

^  Of  course  a  time  factor  enters  here,  characteristic  for  different  tissues.  The 
period  of  increased  permeabihty  resulting  from  momentary  stimulation  appears 
to  correspond  in  its  duration  to  the  refractory  period.  This  varies  in  the  frog 
from  .001  second  or  less  in  nerve  to  more  than  a  second  in  cardiac  muscle.  These 
durations  closely  correspond  to  those  of  the  respective  action  currents.  See  below, 
p.  221. 

^  Nernst:  Nachrichten  von  der  koniglichen  Gesellschaft  der  Wissenschaften  zu 
Gottingen,  Math.-physik.  Klasse,  1899.  Republished  in  Archiv  fiir  die  gesammte 
Physiologic,  1908,  cxxii,  p.  275. 
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ir.ritable  living  tissue  is  to  be  regarded  as  an  electrolytic  conductor 
subciRvided  bv  semi-permeable  membranes.  A  current  traversmg  such 
a  systeVm  can  produce  decided  changes  only  at  the  semi-permeable 
partitior^-^  i-  e.,  the  plasma  membranes  of  the  cells  or  elements,  where 
the  movem^^at  of  ions  is  blocked  or  checked.  The  current  carries  ions 
to  the  membrlnVr,  producing  increased  concentration  of  cations  on  the 
side  directed  towaru^^^^e  anode  and  of  anions  on  the  opposite  side; 
this  tendency  to  increased 'ccW^tration  at  the  membrane  is  opposed 
u    A-ff    '  I.'  u  ^     A    ^.  T-  .1  the  concentration  gradients  thus 

by  dmusion,  which  tends  to  equalize  VA'-     ^  .  f  •       *i-"    l 

arising.    On  the  assumption  that  stimulati?^-      ^  ^^        ,    ,  , 

•    .u  /   .•        f         ,^u         reobrane,  Nernst  showed, 

increase  in  the  concentration  of  ions  at  the  menr.&  ,  ,    ^  ^i 

u  -A      ^-        f  ^1,  a:-  ^       ■     1      'n  ambrane,  that  there 

by  a  consideration  of  the  conditions  at  a  single  mt  ,  . 

should  be  a  relation  between  the  duration  of  a  given       /-  _        ,      , , 

stimulating  power,  of  such  a  kind  that  the  relation,  i  \  '     _, 

hold,  where  i  is  the  intensity,  t  the  duration,  of  the  currc      .'      ,  ,. 

^  us  relation 
constant  corresponding  to  the  threshold  of  stimulation.    TK     . 

^xisrnatmg 

was  first  experimentally  tested  by  Zeynek,  for  the  case  of  alt..  "'    x 

currents;  the  relation  i/Vn  =  c  (n  being  the  rate  of  alternatio  . 

found  to  hold  for  sensory  nerves  within  a  wide  range  in  the  r 

Tji  crvcs 

alternation;  Nernst  and  Barratt  showed  the  same  for  the  motor  n     . 
of  the  frog,  and  other  observations  (Weiss,  v.  Kries,  Reiss,  Lapic 
Lucas)  have  shown  good  agreement  with  theory  within  a  certain  ra  ^     '^ , 
of  durations.    The  formula  in  its  original  simple  form  is,  however,  : 
entirely  adequate,  especially  for  longer  durations  of  the  current,  sir    ...,, 
one  of  its  implications  is  that  any  current,  no  matter  how  weak,  w.  , . 
stimulate  if  its  duration  is  sufficient;  it  also  fails  to  account  for  certa. 
characteristic  peculiarities  of  electrical  stimulation,  such  as  the  rek  , 
tion  of  the  stimulating  effect  to  the  rate  of  change  in  the  stimulatin    . 
current  —  t.  e.,  the  fact  that  slowly  increasing  currents  do  not  stimu,  , 
late  —  and  the  law  of  polar  stimulation.     Hence  modifications  have  .. 
been  introduced,  particularly  by  Lapicque  and  Hill,  which,  without  ■  , 
essentially  altering  the  principle,  have  greatly  increased  the  range  of      , 
its  application.*'    Hill  in  particular  has  pointed  out  that  it  is  more  in 
accordance  with  the  histological  facts  to  consider  the  case  of  two  mem-      , 
branes  close  together;  and  he  has  derived  a  formula  by  the  use  of  which 
the  calculated  relation  between  the  duration  and  the  stimulating  in-    • 

"  Lapicque:  Journal  de  physiologic,  1907,  ix,  pp.  565,  620,  1908,  x,  p.  601,      t 
i:^C9,  xi,  pp.  1009,  1035;  Hill:  Journal  of  physiology,  1910,  xl,  p.  190. 
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tensity  of  a  current  is  found  to  show  an  astonishingly  close  agreement 
with  observation.^  There  can  therefore  be  little  doubt  of  the  essential 
correctness  of  Nernst's  point  of  view,  and  we  may  with  confidence 
regard  the  semi-permeable  membranes  of  an  irritable  tissue  as  the  seat 
of  electrical  stimulation. 

WTiat  is  the  nature  of  the  process  occurring  at  the  membrane?  The 
most  constant  accompaniment  of  stimulation  is  the  electrical  varia- 
tion known  as  the  action  current;  the  potential  difference  between 
the  external  surface  and  the  exposed  interior  of  the  muscle  cell  or  nerve 
fibre  undergoes  a  sudden  and  reversible  decrease  during  stimulation. 
What  is  the  relation  of  the  membrane  to  this  change? 

The  question  of  the  nature  and  significance  of  the  bioelectric  pro- 
cesses and  of  their  relation  to  the  membranes  of  the  tissue  evidently 
arises  here.  Those  known  structural  and  physico-chemical  peculiari- 
ties of  the  living  tissue  which  can  serve  as  the  sources  of  potential 
differences  must  therefore  be  first  considered.  From  this  standpoint 
the  muscle  or  nerve  appears  essentially  as  a  solution  containing 
electrolytes  and  subdivided  by  semi-permeable  colloidal  membranes; 
it  is  also  to  be  noted  that  the  electrolyte  content  of  the  surrounding 
medium  is  tj^^ically  different  from  that  of  the  cell.  Contact  differ- 
ences of  potential  must  necessarily  arise  between  the  adjoining  solu- 
tions in  such  a  system.  But  by  taking  into  account  simply  the  nature 
and  concentrations  of  the  electrolytes  inside  and  outside  the  cell  and 
proceeding  on  the  assumption  that  the  ionic  migration  rates  are  the 
same  as  in  simple  aqueous  solutions,  it  has  proved  impossible  to  account 
for  the  observed  conditions;  thus  the  potential  differences  in  the  con- 
centration chains  studied  by  Oker-Blom,^  —  even  with  71/10  lactic 
acid  as  the  solution  corresponding  to  the  electrolyte  within  the  cell,  — 
are  much  less  than  those  found  in  a  single  muscle,  where  the  demarca- 
tion current  potential  may  approximate  o.i  volt  —  not  to  speak  of  the 
case  of  electric  organs  where  potential  differences  of  apparently  hun- 
dreds of  volts  may  exist.  Some  condition  which  shall  more  or  less 
permanently  prevent  the  tendency  to  equalization  of  differences  of 
ionic  concentration  seems  required ;  and  as  Ostwald  first  pointed  out 
in  1890  the  semi-permeable  plasma  membranes  seem  to  furnish  the 
structural  arrangements  needed.^ 


'^O^ 


'  Cf.  K.  Lucas:  Journal  of  physiology,  1910,  xl,  p.  225. 

^  Oker-Blom:  Archiv  fiir  die  gesammte  Physiologie,  1901,  Ixxxiv,  p.  191. 

^  Ostwald:  Zeitschrift  fiir  physikalische  Chemie,  1890,  vi,  p.  71. 
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It  cm  readily  be  demonstrated  that  membranes  influence  the  rate 
of  ionic  diffusion  and  differently  for  different  ions;  certain  membranes 
(as  copper  ferrocyanide)  may  completely  prevent  the  passage  of  certain 
ions.  If  a  membrane  has  selective  permeabihty  such  that  only  one  class 
of  ions,  e.  g.,  the  cations  of  a  given  electrolyte,  may  pass  but  not  the 
accompanying  anions,  the  potential  difference  between  two  solutions 
of  the  electrolyte  may  be  greatly  increased  by  interposition  of  such  a 
membrane.  Furthermore  a  condition  then  arises  which  permits  the 
summation  of  the  potential  differences  of  adjacent  elements,  as  in  a 
battery  of  galvanic  cells  in  series.  Briinings  has  shown  experimentally 
that  such  summation  of  the  demarcation  current  potentials  is  possible 
for  frog's  muscle,^*'  and  has  adopted  in  explanation  Ostwald's  sugges- 
tion of  a  selective  ionic  permeabihty  (permeability  to  cations  but  not 
to  anions)  of  the  plasma  membrane.  The  high  potential  differences 
found  in  electrical  organs  may  thus  be  accounted  for;  in  fact  the  struc- 
tural arrangem.ents  found  in  these  organs  are  in  their  essential  features 
such  as  might  have  been  predicted  from  this  theory.  Thus  the  hy- 
pothesis that  the  plasma  membranes  are  the  seat  of  the  electromotive 
properties  of  irritable  tissues  arises  for  consideration. 

It  may  be  said  that  virtually  all  students  of  electrophysiolog}'  are 
now  agreed  in  attaching  fundam,ental  importance  to  the  plasma 
membranes.  It  is  not  yet  quite  clear  how  the  relation  of  these  struc- 
tures to  the  observed  potential  difference  between  outside  and  inside 
of  the  cell  (demarcation  current  potential)  is  best  to  be  regarded.  It 
is  possible  to  consider  the  plasma  membrane  as  a  distinct  sohd  phase 
of  appreciable  thickness  in  contact  with  two  fluid  phases,  the  proto- 
plasm and  the  external  medium  (lymph,  etc.),  each  phase  having  its 
characteristic  composition,  with  corresponding  solvent,  dissociative, 
and  other  properties.  The  character  and  concentration  of  the  ions  in 
the  membrane  will  necessarily  differ  from  those  in  the  media  adjoining; 
hence  a  potential  difference  will  arise  at  each  boundary;  and  the  po- 
tential difference  between  internal  protoplasm  and  outer  medium  will 
be  equal  to  the  difference  between  these  two.  Or  the  membrane 
may  be  regarded  as  simply  a  partition  of  negligible  thickness,  per- 
vaded by  the  solvent,  and  acting  simply  by  influencing  the  diffusion 
rates  of  the  ions  in  the  two  adjacent  media  —  i.  e.,  as  more  or  less 

*o  Brunings:  Archiv  fiir  die  gesammte  Physiobgie,  1903,  xcviii,  p.  241. 
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freely  permeable  to  the  different  ions.  The  second  point  of  view  is 
simpler,  and  may  be  regarded  as  a  special  case  of  the  first,  so  that  we 
shall  adopt  it  in  our  consideration.  Assuming,  then,  the  importance 
of  the  membrane,  the  chief  questions  become:  (i)  what  are  the  electro- 
lytes concerned?  and  (2)  what  is  the  character  of  the  membrane? 

From  the  experimental  side  the  most  illuminating  investigations 
have  undoubtedly  been  those  of  Cremer  and  of  Haber  and  Klemen- 
siewicz.^^    These  have  shown  that  thin  films  of  water-soaked  glass  and 
layers  of  benzol  —  media  which  may  be  briefly  characterized  as  per- 
meable only  to  water  and  the  ions  of  water  —  may,  when  in  contact 
with  weak  solutions  of  acid  or  alkali,  be  the  seat  of  very  considerable 
potential  differences,  amounting  to  several  tenths  of  a  volt  for  concen- 
trations of  a  few  thousandths  normal.    The  remarkable  feature  of  such 
elements  is  their  sensitivity  to  changes  in  the  hydrogen  or  hydrox\'l  ion 
concentration  in  the  neighborhood  of  the  neutral  point.     This  feature 
depends  on  the  general  facts  (i)  that  it  is  the  ratio  and  not  the  absolute 
concentrations  of  the  ions  in  the  adjoining  phases  which  determines 
the  potential  difference,  and  (2)  that  the  H-ion  concentration  in  the 
non-aqueous    phase    is    low   and    essentially   constant.    Changes    in 
hydrogen-ion  concentration  corresponding  to  only  a  few  hundred  thou- 
sandths normal  may  thus  produce  potential  differences  comparable 
to  those  found  in  living  tissues;  in  fact,  assuming  similar  properties 
in  the  plasma  membranes,  carbon  dioxide  in  the  concentrations  formed 
in  metaboHsm  is  sufficient  to  account  for  the  potential  differences  ob- 
served in  tissues.    It  is  to  be  emphasized  that  these  conclusions  are 
based  not  only  on  theoretical  deduction  but  also  on  experimentally 
determined  fact.     The  possibility  that  the  cation  concerned  in  the 
phenomena  of  demarcation  and  action  currents  is  no  other  than  the 
hydrogen  ion  must  be  regarded  as  experimentally  substantiated.    The 
plasma  membrane  in  order  to  act  like  the  membranes  studied  by  Haber 
and  Klemensiewicz  must  have  pecuhar  solvent  properties;  it  must  be 
freely  perm.eable  to  water  and  the  ions  of  water,  but  difficultly  or  not 
at  all  to  other  ions.    Of  course  these  are  Hmiting  conditions  which  are 
probably  not  fully  realized  by  many  existing  plasma  membranes  — 
except  perhaps  those  of  electrical  tissues,  where  the  insulation,  i.  e., 
the  impermeabiUty  of  the  membranes  to  one  class  of  ions  (probably 

"  Cremer:  Zeitschrift  fur  Biologic,  1906,  xlvii,  p.  562;  Haber  and  Klemen- 
siewicz: Zeitschrift  fur  physikalische  Chemie,  1909,  Ixvii,  p.  385. 
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anions) ,  must  be  very  complete.  For  muscle  and  nerve  it  seems  suffi- 
cient to  assume  that  H"^  and  0H~  ions  pass  readily,  but  others  with 
difficulty. 

The  circumstance  that  the  fluids  bathing  the  tissues  of  higher  organ- 
isms are  virtually  neutral  in  reaction  and  contain  carbonates  and  phos- 
phates in  such  proportions  as  automatically  to  conserve  neutrality 
acquires  new  significance  from  this  point  of  view.  Slight  quantities 
of  acid  produced  within  the  cell  near  the  membrane  might  thus,  with 
a  neutral  external  medium,  give  rise  to  considerable  differences  of 
potential;  the  conditions  are  apparently  such  that  the  carbonic  and 
other  weak  acids  produced  in  metabolism  may  well  be  the  source  of 
the  demarcation  current  potential.  It  has  been  held  that  an  automatic 
conservation  of  neutrality  is  equally  characteristic  of  the  living  pro- 
toplasm ;  but  this  view  is  contradicted  by  the  fact  that  muscle  on 
tetanization,  and  particularly  after  heat  rigor,  chloroform  rigor,  and 
similar  changes,  becomes  decidedly  acid.  The  facts  indicate  that  while 
there  can  be  little  change  in  the  neutrality  of  the  blood  plasma  or 
lymph,  the  reaction  of  the  protoplasm  is  subject  to  considerable  vari- 
ation, though  the  range  of  this  variation  may  have  its  limits.  Since 
there  is  always  oxidation  in  progress  within  the  cell,  we  may  infer 
that  the  normal  H-ion  concentration  of  the  protoplasm,  while  low, 
is  yet  considerably  higher  than  that  of  the  adjacent  lymph.  Under 
these  conditions  a  potential  difference  of  the  kind  observed,  with  outer 
surface  positive,  will  exist  between  the  exterior  and  interior  of  the  cell. 

We  assume  therefore  that  the  cations  concerned  in  the  production 
of  the  demarcation  current  potential  are  H-ions  derived  from  the  dis- 
sociation of  carbonic  and  other  weak  acids  produced  in  metaboUsm. 
The  other  electrolytes  present  in  the  cell  seem  not  to  answer  to  the 
requirements.  Thus  potassium,  which  in  vertebrata  has  a  higher 
concentration  in  the  muscle  cells  and  nerve  fibres  than  in  the  blood 
plasma,  cannot  be  the  cation,  for  increasing  its  concentration  in  the 
external  medium  to  an  equality  with  that  in  the  cell  does  not  annul 
the  potential  difference,  as  Hober  ^-  has  shown.  Again,  the  production 
of  the  action  current,  on  the  membrane  theory,  must  mean  an  increased 
loss  of  the  electrolyte  from  the  cell;  now,  while  this  is  true  for  carbon 
dioxide  during  activity,  it  is  not  for  potassium  or  any  other  salts,  so 
far  as  has  been  observed.    We  may  infer  with  a  high  degree  of  prob- 

'-  Cf.  Hober:  Physikalische  Chemie  der  Zelle  und  der  Gewebe,  1906,  p.  316. 
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ability  that  carbonic  acid  is  the  chief,  though  perhaps  not  the  sole, 
electrolyte  concerned  in  the  production  of  the  demarcation  current 
potential. 

The  above  considerations  relate  particularly  to  the  conditions  of 
the  demarcation  current.  They  indicate  that  the  plasma  membrane 
of  the  resting  cell  is  to  be  regarded  during  life  as  the  seat  of  a  potential 
difference,  in  other  words,  as  being  electrically  polarized  in  such  a 
sense  that  the  solution  in  contact  with  its  outer  face  is  positive  rela- 
tively to  the  enclosed  protoplasm.  During  stimulation  this  potential 
difference  decreases;  we  have  now  to  inquire  into  the  possible  and 
probable  conditions  of  this  change. 

Briefly  restated,  the  demarcation  current  potential  on  the  present 
theory  is  to  be  regarded  as  a  contact  potential  of  a  peculiar  kind, 
where  the  ions  of  the  contiguous  solutions  are  modified  in  their  velocity 
by  an  interposed  membrane.  According  to  Nernst's  theory,  the  po- 
tential difference  between  two  unequally  concentrated  adjoining  solu- 
tions of  the  same  electrolyte  depends  on  the  ratio  between  the  concen- 
trations of  the  dissociated  part  in  each  solution  and  on  the  difference 
between  the  ionic  velocities.  The  formula  expressing  this  relation- 
ship is: 

RT  u  -  V       ci  13 
E  =  —  — -. —  In  -. 

b    u  -\-  V       Ci 

If  we  have  interposed  between  the  solutions  a  thin  partition  which  is 
freely  permeable  to  the  cation  but  impermeable  to  the  anion,  the  for- 

mula  becomes  E  =  "tt/w  — ,  since  v,  the  velocity  of  the  anion,  is  reduced 

r        Ci 

to  zero.  This  formula,  however,  is  identical  with  that  describing  the 
conditions  at  any  ion-hberating  surface,  such  as  a  metallic  plate  in  a 
solution  of  its  salt,  where  c^  represents  the  external  ionic  concentration 
at  which  the  potential  difference  would  become  zero  —  which,  ex- 
pressed in  terms  of  osmotic  pressure,  is  equal  to  the  specific  solution 
tension  of  the  metal  —  and  Ci  the  existing  concentration  of  the  metalhc 
ions  in  the  solution.     Such  a  membrane,  in  other  words,  would  act 

"  In  this  formula  E  is  the  potential  difference  in  volts,  R  the  gas  constant,  T 
absolute  temperature,  u  velocity  of  cation,  v  of  anion,  In  natural  logarithm,  C2 
the  concentration  of  the  dissociated  part  of  the  more  concentrated,  Ci  of  the  more 
dilute  solution,  F  the  Faraday  constant.     The  ions  are  regarded  as  monovalent. 
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precisely  like  any  ion-yielding  surface  of  a  solution  tension  correspond- 
ing to  C2.  This,  howeyer,  would  be  the  case  only  so  long  as  the  mem- 
brane remained  impermeable  to  the  anion;  with  any  increase  in  per- 
meability sufficient  to  allow  the  anions  to  pass  v  acquires  a  positive 

II  —  V 

value  and  — j^  becomes  less  than  unity,  a  change  involving  decreased 

value  of  E;  the  degree  of  this  fall  in  potential  will  evidently  depend 
on  the  relative  migration  rates  of  the  ions  through  the  altered  mem- 
brane.   Evidently  also  the  value  of  E  would  decrease  with  decrease 

in  the  ratio  —  independently  of  any  change  in  ionic  velocity.    Which 

of  these  conditions  is  realized  in  stimulation? 

With  an  electrolyte  having  a  relatively  rapid  cation,  like  an  acid, 
the  more  dilute  solution  (ci)  becomes  positive.  In  the  case  of  the  liv- 
ing cell  the  external  solution  is  positive  relatively  to  the  interior;  this 
condition  corresponds  to  the  higher  concentration  of  carbon  dioxide 
within  the  cell;  the  external  medium  in  higher  animals  is  in  fact  auto- 
matically kept  neutral,  i.  e.,  has  an  H-ion  concentration  of  ca. io~^ 
normal  at  25°.    If  we  assume  unchanged  ionic  velocities,  i.  e.,  unaltered 

Ci 

membrane,  during  stimulation,  —  becomes   the  variable  part  of   the 

above  formula.  It  is  clear  that  a  fall  of  potential  would  on  this  assump- 
tion correspond  to  a  decrease  in  Co,  the  H-ion  concentration  within  the 
cell,  since  Ci  is  invariable  or  is  only  slightly  and  secondarily  changed 
by  the"  stimulation.  But  it  is  certain  that  the  ionic  concentration 
within  the  cell  does  not  decrease  during  stimulation;  in  fact  with  pro- 
longed stimulation  it  can  be  shown  to  increase,  a  change  which  in 
itself  —  supposing  the  ionic  velocities  unchanged  —  would  produce  a 
positive  instead  of  a  negative  variation.  To  account  for  the  negative 
variation  it  thus  seems  necessary  to  postulate  a  change  in  the  ionic 
velocities  of  such  a  kind  that  the  two  become  more  nearly  equal. 
This  might  conceivably  be  due  to  a  decreased  permeability  to  the 
cations,  but  such  a  supposition  would  contradict  the  fact  that  carbonic 
acid  is  freely  lost  during  stimulation;  the  explanation  most  in  conform- 
ity with  the  facts  is  that  the  general  permeabihty  undergoes  increase 

SO  that  all  ions  are  free  to  diffuse  from  the  cell; then  diminishes, 

u  -\-  V 

with  corresponding  decrease  in  the  value  of  E.    We  reach  the  conclu- 
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sion  that  the  most  probable  explanation  of  the  action  current  from  a 
theoretical  point  of  view  is  that  the  plasma  membrane  undergoes 
during  stimulation  a  sudden  increase  in  its  permeability. 


III.    Experimental. 

This  brings  us  to  the  experimental  part  of  our  consideration.  Are 
there  other  and  independently  determined  facts  indicating  an  increase 
in  the  permeability  of  the  plasma  membrane  during  stimulation? 
This  question  must  be  answered  decidedly  in  the  affirmative.  In 
the  first  place,  if  a  muscle  is  made  to  contract  by  immersion  in  a  solu- 
tion of  a  toxic  substance  like  saponin,  or  if  it  is  stimulated  while  under 
the  influence  of  veratrin,  or  if  it  contracts  in  heat  rigor  or  death  rigor, 
the  electrical  change  accompanying  the  contraction  is  in  the  same  direc- 
tion as  in  normal  stimtdation  :  it  differs  only  in  being  irreversible;  /.  e., 
the  injured  or  poisoned  parts  of  the  tissue  become  permanently  in- 
stead of  transitorily  negative  relatively  to  the  unaltered.  At  the 
same  time  the  permeabiHty  is  increased;  the  cells  of  dead  tissues  are 
invariably  found  much  more  permeable  to  dyes  as  well  as  to  other 
dissolved  substances  (as  shown  in  the  loss  of  the  normal  osmotic 
properties)  than  during  life.  The  normal  electrical  properties  thus 
show  a  constant  association  with  the  normal  semi-permeability  of  the 
plasma  membrane;  a  permanently  increased  permeability,  however 
induced,  is  associated  with  a  marked  and  permanent  decrease  in  the 
potential  difference  between  the  exterior  and  the  interior  of  the  cell; 
the  most  natural  inference  is  that  during  stimulation  a  similar  though 
temporary  increase  of  permeability  takes  place. 

Again,  osmotic  motor  mechanisms  exist  in  plants,  where  the  move- 
ment depends  on  an  increase  in  permeabiHty  relatively  to  the  turgor- 
maintaining  crystalloids  of  the  irritable  cells.  The  sensitive  plant 
and  the  Venus'  fly-trap  are  sufficient  illustrations.  In  mimosa  stim- 
ulation is  associated  with  a  loss  of  cell  sap;  water  containing  dissolved 
substances,  undoubtedly  those  which  maintain  the  turgor,  leaves  the 
pulvinus  cells  at  such  times  (Pfeffer);  i.e.,  the  permeability  of  the 
limiting  membranes  relatively  to  these  substances  is  suddenly  increased. 
Since  the  conditions  of  stimulation  and  its  electrical  manifestations  are 
the  same  in  these  tissues  as  in  muscle  or  nerve  (as  Burdon-Sanderson 
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showed)  we  are  warranted  in  pointing  to  this  phenomenon  as  strong 
evidence  in  favor  of  our  general  proposition  that  stimulation  is  con- 
ditional on  a  sudden  increase  in  permeabihty. 

There  is  also  evidence  from  the  side  of  comparative  physiology 
which  points  strongly  in  this  direction.  Favorable  conditions  for  the 
examination  of  this  question  are  met  with  in  many  lower  organisms. 
The  case  of  the  Ctenophore  swimming  plate  may  be  cited  as  an  in- 
stance. As  I  described  some  years  ago,  these  structures  are  stimulated 
to  greatly  increased  activity  in  isotonic  solutions  of  various  neutral 
salts,  particularly  salts  of  alkali  metals;  during  the  rapid  vibratile 
movements  thus  caused,  the  plate  undergoes  a  progressive  coagula- 
tion, accompanied  by  gradual  swelling  of  its  substance;  ^^  the  entrance 
of  water  and  the  profound  alteration  in  the  structure  of  the  coagulated 
plate  —  such  that  it  falls  to  pieces  on  shaking  —  are  sufficient  evi- 
dence that  a  marked  increase  of  permeability  is  associated  with  the 
strong  stimulation  caused  by  the  solution.  The  stimulating  as  well  as 
the  coagulative  and  water-absorbing  effects  of  {e.  g.)  an  isotonic  sodium 
chloride  solution  are  prevented  by  the  addition  of  a  little  magnesium 
and  calcium  chloride;  in  such  a  mixture  the  plates  remain  living  and 
normal  for  many  hours. ^°  Strong  stimulation  is  thus  associated  with 
marked  increase  of  permeability  in  this  tissue;  the  stimulating  action 
of  the  pure  solution  and  its  permeabihty-increasing  action  are  simul- 
taneously checked  by  the  alkali-earth  salts.  The  same  is  true  of  its 
toxic  action. 

Another  organism  which  gives  remarkably  unequivocal  evidence  of 
the  truth  of  the  present  theory  is  the  larva  of  the  marine  annelid 
Arenicola  cristata.  I  have  in  an  earlier  paper  described  experiments 
"with  this  organism  bearing  on  the  present  problem;  ^^  further  experi- 
ments carried  out  during  the  past  two  summers  have  confirmed  and 
extended  the  results  then  reported.  The  larva  is  a  free-swimming, 
strongly  heliotropic  trochophore  about  one  third  of  a  millimetre  long; 
it  has  at  this  stage  three  body  segments  and  a  well-developed  muscu- 
lature of  unstriated  longitudinal  fibres;  and  the  tissues  are  remarkable 
for  being  permeated  with  a  yellow  or  brownish  water-soluble  pigment. 
This  is  the  peculiarity  which  fits  the  organism  more  especially  for  the 

"  Lillie:  This  journal,  1906,  xvi,  p.  117. 
'^  Lillie:  Ibid.,  1908,  xxi,  p.  200. 
*^  Lillie:  Ibid.,  1909,  xxiv,  p.  14. 
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purpose  of  the  present  investigation.    The  pigment  during  Hfe  is  con- 
tained within  the  cells;  at  death  or  under  the  action  of  any  cytolytic 
substance  it  diffuses  into  the  water  and  colors  the  latter  a  distinct 
yellow.    Its  exit  is  to  be  regarded  as  evidence  of  marked  increase  of 
permeability.    A  precisely  similar  loss  of  pigment  occurs  during  strong 
chemical  stimulation,  and  the  more  rapidly  the  more  intense  the 
stimulation.     I  have  described  instances  of  this  phenomenon  in  the 
paper  cited;  if  the  larvae  are  collected  in  large  masses  in  a  watch  glass 
—  most  readily  by  taking  advantage  of  their  strong  positive  helio- 
tropism  —  and  are  then  brought  into  pure  isotonic  sodium  chloride 
solution,  a  strong  and  persistent  muscular  contraction  to  about  half 
the  normal  length  at  once  follows;  the  larvae  remain  in  a  state  of  ex- 
treme contraction  for  fifteen  seconds  or  so,  and  only  gradually  relax; 
during  the  period  of  contraction  the  diffusion  of  pigment  into  the 
solution  is  readily  observed,  particularly  where  the  larv'ie  are  massed, 
and  the  whole  solution  becomes  colored  a  bright  straw  yellow;  the 
organisms  on   closer  examination  are   then  found   to  be  distinctly 
lighter  colored  than  before.    These  characteristic  effects  are  found  in 
all  solutions  which  stimulate  intensely;  if  the  stimulating  action  is 
checked,  as  by  the  addition  of  a  little  calcium  or  magnesium  chloride 
to  the  sodium  salt  solution,  the  loss  of  pigment  is  also  checked  to  a 
proportionate  degree  (see  below,  p.  212).    The  strong  and  irreversible 
stimulation  produced  by  more  concentrated  solutions  of  lipoid  solvents, 
like  chloroform,  ether,  benzol,  is  also  associated  with  rapid  loss  of  pig- 
ment; weaker  solutions  of  these  substances  produce  normal  reversible 
anaesthesia  without  loss  of  pigment.     It  should  be  noted  that  this 
difference  in  the  action  of  lipoid  solvents  according  to  concentration 
is  equally  characteristic  of  vertebrate  muscle,  and  probably  of  irritable 
tissues  in  general. 

If  instead  of  pure  isotonic  {m/2)  sodium  chloride  a  mixture  of 
25  c.c.  m/2  NaCl  -f  I  c.c.  m/2  CaCl2  is  used,  a  totally  different  effect 
is  seen.  At  the  contact  of  the  solution  there  is  only  a  slight  temporary 
contraction  followed  by  immediate  relaxation;  there  is  no  appreci- 
able loss  of  pigment,  and  the  larvae  exhibit  for  a  few  minutes  a  com- 
pletely normal  appearance  and  behavior,  showing  the  usual  vigorous 
swarming  movements  with  strong  positive  phototaxis.  After  several 
minutes  the  solution  begins  to  affect  the  organisms  injuriously  and 
the  phototaxis  disappears;  later  degenerative  changes  set  in,  accom- 
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panied  by  a  gradual  loss  of  pigment,  indicating  the  progress  of  a  slow 
cytolytic  action;  the  larvae  nevertheless  remain  living  in  such  a  solu- 
tion for  many  hours,  while  in  the  pure  m/2  NaCl  they  rapidly  die  and 
disintegrate.  Thus  the  calcium,  in  addition  to  exercising  an  anti- 
stimiilating,  exerts  also  an  anti-toxic  action;  both  effects  are  associated 
with  a  prevention  of  the  rapid  increase  in  permeability  which  the 
pure  salt  solution  produces.  The  antitoxic  action  can  of  course  be 
greatly  increased  by  adding  other  salts;  in  appropriate  mixtures  of 
sodium,  calcium,  and  magnesium  chlorides  the  larvae  live  and  develop 
almost  as  in  normal  sea- water;  the  action  of  calcium  chloride  alone, 
while  well  marked,  is  incomplete.  It  should  be  noted  that  pure  and 
calcium-containing  sodium  salt  solutions  show  analogous  differences  in 
their  action  on  vertebrate  muscle,  pure  solutions  inducing  twitching 
and  being  more  injurious  to  the  tissue  than  the  calcium-containing 
solutions  in  which  the  muscle  remains  quiet.  Here  also  the  twitching 
effect  is  to  be  regarded  as  an  index  of  increased  permeabiHty;  but  both 
stimulating  and  permeability-increasing  actions  are  much  more  in- 
tense in  the  embryonic  invertebrate  muscle  of  the  above  experiments. 

Similar  experiments  were  performed  with  pure  and  calcium-contain- 
ing solutions  of  the  following  series  of  sodium  salts  in  m/2  concentration: 
NaCOOCHs,  NaBr,  NaNOs,  NaClOa,  Nal,  NaCNS.  The  results  with 
the  first  four  salts  were  identical  with  those  just  described;  with  sodium 
iodide  the  antitoxic  and  anti-stimulating  actions  are  less  marked; 
with  sulphocyanate  the  addition  of  calcium  has  a  comparatively 
slight  effect.  The  intensity  of  the  stimulating  action  is  greater  with 
the  salts  toward  the  end  than  toward  the  beginning  of  the  series, 
and  the  counteracting  action  of  the  calcium  is  less.  A  relation  between 
stimulating  action  and  colloid  action  is  thus  again  seen.^^ 

Lithium  salts  show  similar  relations,  but  hthium  chloride  stimu- 
lates less  powerfully  than  sodium  chloride,  and  correspondingly  in- 
duces a  less  rapid  loss  of  pigment.  Both  effects  are  checked  by  calcium 
chloride,  and  in  the  mixed  solution  the  larvae  exhibit  a  normal  appear- 
ance and  behavior  for  some  minutes.  Lithium  thus  resembles  sodium 
in  its  action  on  the  neuromuscular  system  of  Arenicola  larvae  as  well 
as  of  vertcbrata. 

On  the  other  hand,  the  stimulating  and  toxic  action  of  caesium 

"  CJ.  my  former  experiments:  this  journal,  1909,  xxiv,  p.  459. 
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chloride  is  intensified  by  adding  calcium  chloride  to  the  solution. 
Pure  7)1/2  CsCl  produces  well-marked  contraction  and  loss  of  pig- 
ment, followed  in  several  seconds  by  relaxation;  the  calcium-contain- 
ing solution  causes  an  intense  and  much  more  persistent  contraction 
accompanied  by  a  decidedly  more  marked  and  rapid  loss  of  pigment. 
The  larvce  also  die  sooner  in  the  mixed  than  in  the  pure  solution. 
Thus  increase  in  the  permeability-increasing  action  is  associated  with 
increase  both  of  the  stimulating  and  of  the  toxic  action. 

Pure  isotonic  solutions  of  potassium  salts  (KCl,  KBr,  KNO3,  KI, 
KCNS)  also  stimulate  strongly  and  cause  exit  of  pigment  as  above, 
but  the  action  is  not  appreciably  influenced  in  either  direction  by  the 
addition  of  calcium  chloride.  Magnesium  chloride,  on  the  other  hand, 
checks,  and  if  present  in  sufficient  proportion  entirely  prevents,  both 
effects.  This  is  illustrated  by  the  following  series.  Larvae  were  brought 
in  the  usual  manner  into  the  following  solutions: 
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Pure 

m/2 

MgCl: 

2 

In  the  pure  magnesium  chloride  solution  there  is  neither  loss  of  pig- 
ment nor  muscular  contraction,  the  larvae  remaining  rigid,  extended, 
and  motionless  (except  for  the  cilia  which  remain  active)  in  a  state  of 
complete  muscular  anaesthesia.  In  mixtures  with  a  high  proportion 
of  magnesium  (solution  5)  essentially  the  same  effects  are  seen.  With 
further  increase  in  the  proportion  of  potassium  a  stimulating  action 
makes  its  appearance;  this  is  slight  in  Solution  4  and  accompanied  by 
a  shght  loss  of  pigment;  the  degree  both  of  the  contraction  and  of  the 
loss  of  pigment  (and  also  of  an  associated  agglutinating  action)  in- 
creases steadily  with  further  increase  of  potassium,  though  both  are 
distinctly  less  marked  in  Solution  i  than  in  pure  m/2  KCl.  Thus  the 
two  externally  quite  different  effects  of  the  solutions,  increase  of 
permeabihty  and  stimulation,  vary  in  a  closely  parallel  manner. 

Other  similar  instances  could  be  given,  but  the  above  are  sufficient 
to  illustrate  the  general  nature  of  the  observations.  In  general  a 
cytolytic  or  permeability-increasing  action  seems  equivalent  to  a  stim- 
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ulating  action,  provided  the  change  is  sufficiently  rapid.  It  is  to  be 
expected  that  a  tissue  with  a  rapid  time  coefficient  of  stimulation  like 
nerve  or  voluntary  muscle  will  in  general  show  less  responsiveness  to 
a  cytolytic  action,  unless  the  latter  is  unusually  rapid,  than  a  more 
gradual  tissue.  During  the  past  two  years  I  have  investigated  in 
some  detail  the  stimulating  or  contraction-producing  action  of  various 
cytolytic  substances  on  frogs'  voluntary'  muscle;  most  of  these  produce 
slow  steady  contraction  culminating  in  rigor;  but  it  is  possible  by  cer- 
tain forms  of  artificial  sensitization  so  to  modify  the  irritability  of  the 
muscle  that  solutions  of  typical  cytolytic  substances,  like  saponin, 
chloroform,  soap,  bile  salts,  foreign  blood  sera,  etc.,  produce  on  their 
first  contact  with  the  tissue  quick  vigorous  contractions  closely  re- 
sembling the  normal.  This  is  done  by  previously  immersing  the  muscle 
for  several  minutes  in  a  bath  of  a  pure  isotonic  solution  of  a  neutral 
sodium  salt;  the  most  effective  for  this  purpose  are  iodide  and  sulpho- 
cyanate,  though  chlorate,  nitrate,  bromide,  and  even  chloride  show  a 
similar  action,  to  a  degree  diminishing  in  this  general  order.  Muscles 
thus  treated  and  then  instantly  immersed  in  a  solution  of  a  cytolytic 
substance  in  physiological  salt  solution  show  in  many  cases  —  instead 
of  the  usual  slow,  steady  shortening  —  contractions  which  are  quick, 
vigorous,  and  often  accompanied  by  active  twitching.  The  contrac- 
tions thus  produced  —  e.  g.,  with  saponin  or  digitalin  —  not  only  are 
more  energetic  and  approach  more  closely  to  the  normal  than  those 
similarly  produced  in  unsensitized  muscle,  but  they  pass  over  more 
quickly  into  a  condition  of  rigor;  and  this  rigor  with  the  associated 
coagulation  is  in  many  cases  distinctly  more  pronounced  than  in  the 
control  unsensitized  muscle  of  the  same  animal.^^  I  have  obtained 
these  effects  in  varying  degree  with  all  of  the  following  substances: 
chloroform,  saponin,  solanin,  digitalin,  agaricin,  aconitin,  bile  salts, 
sodium  oleate,  foreign  blood  sera  (horse,  dog),  tetanus  toxin,  rattle- 
snake venom.  The  stimulating  action  shows  a  general  parallelism 
with  the  cytolytic  (ha^molytic)  action;  this  in  its  turn  is  the  result  of 
marked  and  irreversible  increase  of  permeabihty.  Substances  whose 
specific  action  is  to  increase  the  permeability  of  the  plasma  membranes 
thus  show  as  a  class  definite  stimulating  action. 

'^  These  experiments  are  partly  described  in  the  Proceedings  of  the  Society  for 
Experimental  Biology  and  Medicine,  New  York,  1910,  vii,  p.  170. 
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IV.     Conclusions. 

The  evidence  that  a  rapid  increase  in  surface  permeability  is  the 
critical  change  in  stimulation  is  thus  derived  from  many  sides.  This 
view  clearly  implies  that  the  electrical  current  acts  directly  or  indi- 
rectly by  altering  permeability.  As  already  seen,  Nernst's  theory 
refers  the  action  of  the  current  to  an  increase  in  the  concentration  of 
ions  at  the  membrane,  a  polarization  being  thus  produced  which  must 
have  a  certain  minimal  value  for  stimulation.  If  we  accept  this  theory, 
we  must  also  assume  that  an  intimate  connection  exists  between  the 
state  of  polarization  of  the  plasma  membrane  and  its  permeability. 
Now,  on  the  present  theory,  any  increase  in  the  ionic  permeability  of 
the  membrane  does  produce  a  corresponding  change  in  its  polarization, 
but  the  change  is  in  the  nature  of  a  decrease  of  an  already  existing 
polarization  —  i.  e.,  is  a  depolarization,  which  evidently  may  vary  in 
degree.  This  depolarization,  since  it  invariably  accompanies  stimu- 
lation, must  be  considered  an  essential  feature  of  the  process;  there 
are  indeed  reasons  for  believing  that  the  depolarization,  and  not  the 
mere  increase  of  permeability  as  such,  is  the  really  critical  change  in 
stimulation.  The  facts  of  electrical  stimulation  favor  this  view.  The 
electrical  current,  when  passed  through  an  irritable  tissue,  stimulates 
just  where  its  polarizing  effect,  if  produced  in  the  manner  conceived 
by  Nernst,  is  opposed  in  direction  to  the  already  existing  or  "physio- 
logical" polarization,  i.  e.,  at  the  side  adjoining  the  cathode;  the  cur- 
rent thus  appears  to  stimulate  only  where  its  effect  is  to  depolarize,  — 
i.  e.,  to  counteract  to  a  greater  or  less  degree  an  already  existing  polar- 
ization.^^ From  this  point  of  view  electrical  and  other  forms  of  stimu- 
lation may  be  regarded  as  essentially  similar  in  their  mode  of  action. 
The  current  stimulates,  not  by  producing  a  condition  of  polarization 
at  previously  unpolarized  membranes,  but  by  decreasing  or  nullifying 
one  already  existing.  At  the  anodal  side  where  the  preexistent  physi- 
ological polarization  is  not  compensated  but  reinforced  by  the  external 
current  there  is  no  stimulation  when  the  current  is  made,  but  a  well- 
marked  one  when  it  is  broken  —  again  when  the  polarization  is  sud- 
denly diminished. 

But  is  a  depolarization,  during  which  the  permeabihty  of  the  mem- 

^'  Cf.  Brunings:  Archiv  fiir  die  gesammte  Physiologie,  1903,  c,  p.  367. 


2i6  Ralph  S.  Lillie. 

brane  remains  unaltered,  sufficient  for  stimulation?  It  is  doubtful 
if  simple  depolarization,  unaccompanied  by  increase  of  permeability, 
is  possible  for  any  irritable  tissue;  the  available  facts  indicate  that  the 
plasma  membrane  is  so  constituted  that  its  normal  semi-permeability 
during  rest  depends  on  its  being  electrically  polarized,  so  that  depolar- 
ization necessarily  involves  a  simultaneous  increase  in  permeabihty; 
hence  an  external  current  in  stimulating  not  only  depolarizes  but  by 
that  very  action  increases  the  permeability  of  the  plasma  membrane. 
All  the  facts  of  stimulation  indicate  that  the  semi-permeability  of 
the  membrane  in  an  irritable  tissue  is  a  matter  of  very  delicate  ad- 
justment, such  that  any  decided  chemical  or  physical  change  in  the 
membrane  alters  its  permeability,  and  usually  in  the  direction  of  an 
increase;  ^°  hence  a  great  variety  of  such  changes  may  act  as  stimuli. 
Just  why  the  condition  of  polarization  of  the  membrane  should  de- 
termine its  permeability  is  difficult  to  say  at  present;  it  is  clear  that 
the  state  of  the  colloids  must  be  influenced  by  the  distribution  of  ions; 
one  might  also  suggest  that  the  double  electric  layer  with  the  inter- 
posed thin  surface  film  is  comparable  to  a  condenser;  in  any  such  system 
the  material  between  the  two  layers  is  in  a  state  of  compression  due 
to  the  attraction  of  the  opposite  charges.  This  effect,  however,  must 
be  shght  unless  the  potential  difference  under  static  conditions  is 
much  greater  than  that  usually  assumed;  but  it  seems  possible  that 
the  density  and  hence  the  permeability  of  the  membrane  may  thus 
be  influenced.  Girard  has  found  that  an  electrically  polarized  mem- 
brane of  pig's  bladder  has  a  dift'erent  permeability  from  the  same  mem- 
brane in  the  unpolarized  state,  and  also  that  not  merely  the  degree 
but  the  orientation  of  the  polarization  is  a  factor  in  determining  the 
permeabihty;  a  polarized  membrane  may  thus  be  unequall}-  permeable 
in  the  two  directions.^^  The  case  of  the  plasma  membrane  appears  to 
be  analogous.  At  all  events  it  is  clear  that  the  permeability  increases 
during  electrical  stimulation;  this  is  proved  by  the  case  of  the  osmotic 
motile  mechanisms  of  plants,  above  cited,  in  which  the  conditions  of 
electrical  stimulation  are  the  same  as  those  of  muscle  and  nerve,  and 
where  the  very  condition  for  the  movement  is  an  increase  in  the  per- 
meability of  the  hmiting  semi-permeable  membranes. 

20  It  should  be  remembered  that  irritable  cells  and  tissues  are  under  discussion 
here.  Undoubtedly  the  plasma  membranes  of  many  cells  are  much  more  resistant 
to  changes  in  their  permeability;  c.  g.,  immature  egg-cells. 

2'  GmARD:    Journal  de  physiologie  et  pathologic  generale,  1910,  xii,  p.  471. 
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The  assumption  of  a  reciprocal  interdependence  between  the  polar- 
ization of  the  membrane  and  its  permeabihty  throws  light  on  another 
characteristic  feature  of  the  stimulation  process,  —  the  fact,  namely, 
that  the  effect  of  a  local  stimulus  is  never  confined  to  the  region  directly 
stimulated  but  spreads  to  adjacent  regions.  In  other  words,  the  region 
already  in  a  state  of  excitation  excites  the  adjoining  regions,  so  that 
an  excitation  wave  travels  from  point  to  point  along  the  irritable 
element  at  a  more  or  less  rapid  rate.  On  the  present  theory  the  wave 
of  excitation  is  accompanied  by,  or  equivalent  to,  a  wave  of  depolari- 
zation, i.  €.,  of  increased  permeability.  It  is  evident  that  if  the  in- 
crease of  permeabihty  were  confined  to  the  point  of  stimulation  there 
could  be  no  excitation  of  the  irritable  element  as  a  whole,  but,  as  we 
have  seen,  the  region  where  permeability  is  locally  increased  by  any 
means  undergoes  depolarization,  and  it  is  to  be  assumed  that  this 
region,  acting  then  as  cathode,  influences  electrically  the  adjoining 
regions,  depolarizing  these  in  turn  and  causing  a  corresponding  increase 
in  permeability;  in  this  manner  the  eft'ect  is  propagated  along  the  mem- 
brane ^^  at  a  rate  which  in  any  particular  case  will  evidently  depend  on 
the  sensitivity  or  quickness  of  response  of  the  tissue  —  i.  e.,  in  general 
on  the  duration  of  the  latent  period  of  stimulation:  when  this  is  very 
short,  as  in  nerve,  the  propagation  velocity  will  be  high. 

The  transmission  of  the  excitation  state,  on  the  present  theory,  is 
a  direct  consequence  of  the  above  interdependence  between  depolar- 
ization and  increase  of  permeability.  If  a  localized  depolarization 
produced  no  effect  on  the  membrane  itself,  it  is  clear  that  its  transmis- 
sion with  virtually  unaltered  intensity  for  an  apparently  unlimited 
distance,  as  in  nerve,  would  be  inconceivable.  But  a  depolarization 
which  at  the  same  time  involves  an  increase  of  permeability  —  i.  e., 
furnishes  the  condition  for  further  depolarization  —  is  theoretically 
transmissible  to  an  indefinite  distance  along  a  membrane  polarized  in 
the  above  manner.  It  thus  seems  probable  that  the  condition  called 
irritabihty  depends  on  the  existence  of  a  close  interdependence  be- 
tween the  physiological  polarization  of  the  limiting  membrane  and  its 

--  The  best  inorganic  parallel  to  this  process  is  the  progressive  dissolution  of 
the  film  of  peroxidate  covering  at  intervals  the  surface  of  the  mercury  in  the 
rhythmical  catalysis  investigated  by  Bredig  and  his  collaborators.  Cf.  Antro- 
poff:  Zeitschrift  fiir  physikaUsche  Chemie,  1908,  Ixii,  p.  513.  Cf.  my  earlier  paper 
on  the  present  subject:    This  journal,  1909,  xxiv,  p.  18. 
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permeability,  depolarization  corresponding  to  or  inducing  increased 
permeability;  hence  a  local  depolarization  involves  a  local  increase  in 
permeability  which  is  propagated  along  the  membrane.  The  region 
already  in  a  state  of  excitation  affects  the  adjoining  regions  in  a  manner 
essentially  identical  with  that  in  which  the  excited  region  of  one  muscle 
may  stimulate  the  nerve  of  another.  Tissues  in  which  the  permeability 
of  the  plasma  membrane  is  very  quickly  and  sensitively  affected  by 
changes  in  the  potential  difference  across  the  membrane,  would  show 
high  irritability  and  rapid  conduction  of  the -depolarization  or  excita- 
tion wave.  This  condition  has  apparently  reached  its  highest  develop- 
ment in  the  nerve  fibres  of  warm-blooded  vertebrata. 

In  electrical  stimulation  the  essential  conditions  appear  to  be  that 
the  potential  difference  across  the  membrane  is  decreased  to  a  cer- 
tain critical  degree,  and  at  a  certain  critical  rate,  by  the  opposed 
electromotive  force  of  the  external  current.  The  precise  value  of 
this  decrease,  or  depolarization,  as  measured  in  volts,  has  not  been 
determined;  but  in  the  case  of  a  highly  irritable  tissue  it  must  be 
very  slight  —  probably  much  less  than  that  of  the  action  current 
of  the  succeeding  response.  Upon  this  initial  depolarization  follows, 
as  we  have  seen,  a  local  increase  in  the  ionic  permeability  of  the 
membrane,  producing  at  the  point  stimulated  the  characteristic  elec- 
tromotor response  of  the  tissue  itself;  this  change  affects  the  adjoin- 
ing regions  of  the  membrane,  in  the  same  manner  as  the  original 
external  current, —  and  so  the  impulse  spreads.  For  the  indefinite 
propagation  of  such  an  impulse  it  is  evident  that  the  depolarizing 
effect  of  the  action  current  at  the  adjacent  regions  of  the  membrane 
must  be  sufficient  to  induce  there  an  increase  of  permeabiHty  equal 
to  or  greater  than  that  at  the  original  point  of  stimulation,  —  other- 
wise the  impulse  will  die  out.  The  rate  of  its  propagation  will  nat- 
urally depend  on  the  various  specific  peculiarities  of  the  membrane. 

It  is  clear  that  a  necessary  condition  for  rapid  propagation  of  the 
state  of  excitation  is  a  short  latent  period  of  stimulation,  since  the  stim- 
ulation of  each  successive  region  in  a  stretch  of  nerve  (e.  g.)  is  due  to 
the  change  in  the  adjoining  region.  There  should  thus  be  a  general 
inverse  proportionahty  between  the  duration  of  the  latent  period  and 
the  velocity  of  conduction.  That  this  proportionality  holds  qualita- 
tively is  beyond  a  doubt,  but  the  quantitative  data  at  hand  are  in- 
sufficient for  a  precise  and  detailed  examination  of  the  conditions. 
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The  latent  period  of  excitation,  strictly  speaking,  is  the  time  interval 
between  the  exciting  change  (considered  as  momentary)  and  the  be- 
ginning of  the  electrical  response  at  the  point  excited.  There  are  as 
yet  no  accurate  measurements  of  this  interval.  But  what  is  really 
required  to  test  the  present  hypothesis  is  some  objective  measure  of 
the  rate  at  which  the  electrical  change  develops  —  i.  g.,  at  which  the 
membrane  undergoes  depolarization.  Such  an  estimate  can  be  ob- 
tained from  the  duration  of  the  rising  phase  of  th§  action  current 
curve.  Measurements  made  by  Garten  with  the  thread  galvanometer 
give  for  this  interval  in  the  frog's  sciatic  nerve  a  duration  of  ca.  o.ooi 
second  at  18°;  at  32°  the  duration  was  ca.  0.00055  second;  ^^  rise  of 
temperature  thus  increases  the  velocity  of  this  change  in  virtually 
the  same  proportion  as  the  propagation  velocity  of  the  nerve  impulse, 
indicating  a  dependence  of  the  two  changes  on  the  same  condition.^^ 
This  condition,  on  the  present  theory,  is  increase  in  the  ionic  permea- 
bihty  of  the  membrane;  and  since  the  temperature  coefficient  is  that 
of  chemical  reactions,  it  may  be  inferred  that  the  permeabiUty 
change  is  due  to  a  chemical  alteration  of  the  membrane  —  probably  a 
change  in  the  aggregation  state  of  the  colloids.-^  Garten  finds  a  cor- 
respondingly slow  rise  {ca.  0.07  second)  in  the  slowly  conducting  non- 
meduUated  (splenic)  nerves  of  mammals.  Babkin  ^^  has  compared  the 
time  relations  of  the  electrical  variation  in  a  slowly  contracting  (hyo- 
glossus)  and  a  rapidly  contracting  (sartorius)  muscle  of  the  frog  at 
different  temperatures;  the  former  shows  a  slower  rise  of  the  action 
current  curve  —  ca.  0.006  second  for  sartorius  and  ca.  0.009  second 
for  hyoglossus  —  and  a  correspondingly  slower  conduction  rate.  The 
latter  thus  appears  directly  dependent  on  the  rate  of  the  electrical 

23  Cf.  Garten:  "Die  Produktion  von  Elektrizitat,"  in  Handbuch  der  ver- 
gleichenden  Physiologic,  edited  by  Winterstein,  Jena,  1910,  iii,  pp.  135  seq. 

2*  CJ.  K.  Lucas:  "On  the  relation  between  the  electric  disturbance  in  muscle 
and  the  propagation  of  the  excited  state,"  Journal'  of  physiology,  1909,  xxxix, 
p.  207. 

25  The  temperature  coefficients  of  colloid  changes  are  insufficiently  known. 
For  some  changes,  such  as  the  swelling  of  gelatine  in  water,  they  are  high,  and  it 
is  assumed  above  that  colloid  reactions  in  general  probably  have  the  usual  temper- 
ature coefficient  of  chemical  reactions.  The  fact  that  vital  processes  so  generally 
show  the  chemical  temperature  coefficient  seems  inconsistent  with  any  other 
assumption. 

2*  Babkin:  Archiv  fiir  die  gesammte  Physiologic,  1908,  cxxv,  p.  595. 
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change.  The  rate  of  this  change,  however,  is,  on  the  present  theory, 
an  index  of  the  rate  of  the  permeabihty  change.  This  last  is  to  be 
regarded  as  a  measure  of  the  responsiveness  of  the  tissue  and  hence  as 
determining  the  rate  of  conduction. 

Some  further  evidence  that  stimulation  involves  changes  in  the 
electrical  polarization  of  the  limiting  membranes  of  the  irritable  tissue 
may  now  be  briefly  reviewed.  It  has  long  been  known  that  artificial 
semi-permeable  precipitation  membranes  become  the  seat  of  a  polariza- 
tion when  a  current  is  passed,  and  that  this  polarization  may  serve 
as  a  secondary  source  of  current.-''  Lapicque  has  shown  that  the  degree 
of  the  polarization  thus  produced  at  artificial  membranes,  as  measured 
by  the  voltage  of  the  secondary  or  polarization  current,  is  related  to 
the  duration  of  the  polarizing  current  in  a  manner  quantitatively 
identical  with  that  in  which  the  stimulating  effect  of  a  current  is  re- 
lated to  its  duration.^^  This  result  might  have  been  predicted  from 
Nernst's  theory,  and  constitutes  a  further  and  striking  proof  of  the 
connection  between  stimulation  and  polarization  at  the  membranes. 

But  if  the  electrical  current  excites  by  altering  the  polarization  at 
semi-permeable  surfaces,  it  is  clear  that  chemical  or  mechanical  exci- 
tation, which  produces  effects  indistinguishable  from  electrical  excita- 
tion, must  produce  the  same  alteration.  Now  these  agencies  cannot 
originate  a  polarization  at  such  surfaces;  they  may  however  alter  an 
existing  state  of  polarization  by  altering  the  character  of  the  membrane 
which  is  the  seat  of  the  polarization.  This  consideration  explains  why 
such  diverse  agencies  act  alike.  There  is  definite  evidence  that  the 
current  does  not  act  simply  by  polarizing  the  membranes,  but  rather 
by  partially  compensating,  and  so  decreasing,  a  preexistent  polariza- 
tion (inference  from  Pfliiger's  law).  Other  forms  of  stimulation  pro- 
duce the  same  effect  by  temporarily  increasing,  through  some  chemical 
or  physical  alteration,  the  ionic  permeabihty  of  the  membrane. 
From  this  point  of  view  it  becomes  clear  why  the  various  stimuli 
have  an  identical  action  on  the  irritable  tissue;  their  common  effect 
is  depolarization,  with  which  is  associated  an  increased  permeabihty. 

Confirmatory  evidence  of  the  truth  of  this  general  point  of  view  is 
afforded  by  the  characteristic  loss  or  lowering  of  irritability  during 

-^  CJ.  Overbeck:  Annalen  der  Physik,  1891,  N.  F.  xlii,  p.  193;  Springmann: 
Ihid.,  1894,  li,  p.  140;  Ostwald:  Loc.  cit. 

2^  Lapicque:   Comptes  rendus  de  la  Societe  de  Biologic,  1907,  Ixiii,  p.  37. 
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excitation.  If  the  depolarization  of  stimulation  is  associated  with  a 
free  permeability  of  the  plasma  membrane  to  ions,  the  electrical  current 
should  be  relatively  or  absolutely  without  action  on  irritable  tissues 
at  the  height  of  stimulation.  That  this  is  in  fact  the  case  is  shown  by 
the  existence  of  the  so-called  refractory  period;  this  period  varies  in 
duration  for  different  tissues,  being  short  for  quickly  responsive  tissues 
like  voluntary  muscle  and  nerve  {ca.  0.003  second  for  frogs'  muscle,-^ 
o.ooi  for  nerve  ^°  at  14^-1 5°),  and  longer  for  slower  tissues  like  the 
vertebrate  heart  (i  second  or  more);  the  fact  that  contractions  are 
normally  maximal  in  this  tissue  is  probably  directly  connected  with 
the  existence  of  an  unusually  distinct  and  prolonged  refractory  period. 
What  is  significant  from  the  present  point  of  view  is  the  fact  that  in 
all  of  these  instances  the  refractory  period  has  approxifnately  the  same 
duration  as  the  electrical  variation,^'^  i.  e.,  as  the  period  of  increased 
ionic  permeability.  Its  duration  is  also  affected  by  temperature  in 
the  same  manner. ^^  It  is  evident  that  these  relations,  established 
quite  empirically,  receive  a  consistent  theoretical  explanation  on  the 
present  theory.  During  the  period  of  increased  permeability  the  mem- 
brane offers  little  or  no  resistance  to  the  passage  of  ions;  hence  it  is 
no  longer  the  seat  of  a  polarization,  and  the  polarizing  or  depolarizing 
action  of  the  current  should  no  longer  be  possible.  To  this  theoretical 
requirement  corresponds  the  observed  fact  of  a  lowered  or  abolished 
irritabihty  immediately  after  stimulation. 

I  have  not  attempted  in  the  present  paper  to  consider  the  possible 
nature  of  the  connection  between  altered  polarization  or  altered  per- 
meabihty  of  the  plasma  membrane,  and  altered  oxidation  and  energy 
production  by  the  protoplasm,  but  merely  to  summarize  and  coordi- 
nate the  facts  and  theoretical  considerations  which  point  to  the  plasma 
membrane  as  the  seat  of  stimulation  and  to  an  increase  in  its  permea- 
bility as  the  essential  change  involved.  The  reference  of  the  one  con- 
stant external  manifestation,  the  action  current,  to  a  decrease  in  a 
preexistent  polarization  following  increased  ionic  permeabiHty,  is 
largely  a  theoretical  deduction  from  the  phenomena  of  concentration 
cells;  the  unusual  feature  of  this  explanation,  from  a  physico-chemical 

2*  Cf.  Bazett:  Journal  of  physiology,  1908,  xxxvi,  p.  414. 

^°  Boycott:  Ibid.,  1899,  xxiv,  p.  144. 

'^  Cf.  Tait:  Quartedy  journal  of  experimental  physiology,  1910,  iii,  p.  221. 

^^  Cf.  Snyder:  This  journal,  1908,  xvii,  p.  384. 
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point  of  view,  is  that  it  postulates  the  existence  of  membranes  whose 
permeability  readily  undergoes  rapid  and  reversible  changes  under 
the  influence  of,  or  in  correlation  with,  changes  in  their  electrical 
polarization.  Proofs  that  the  permeability  of  living  membranes  may 
change  reversibly  and  in  either  direction  are  not  wanting;  ^^  there  is 
also  indication  that  the  permeability  of  membranes  other  than  those 
of  living  cells  may  be  altered  by  electrical  polarization.  The  present 
theory  of  stimulation  requires  that  such  reversible  changes  in  permea- 
bility should  in  highly  irritable  tissues  occur  with  great  quickness 
and  readiness;  thus  Garten's  measurements  indicate  that  the  duration 
of  such  a  change  may  in  nerve  be  less  than  .001  second.  Artificial 
membranes  having  such  properties  are  as  yet  unknown;  the  belief 
that  the  plasma  membranes  of  muscle  and  nerve  are  thus  characterized 
is  as  yet  mainly  a  deduction  from  the  theory;  but  if  the  electrical  vari- 
ation is  due  to  increase  of  ionic  permeabiUty,  such  a  deduction  seems 
unavoidable. 

^'  Cf.  Hober:  Loc.  cit.,  chapter  10;  egg  cells  immediately  after  normal  or  par- 
thenogenetic  fertilization  furnish  good  illustrations.  Cj.  my  recent  paper,  this 
journal,  1911,  xxvii,  p.  289,  especially  pp.  300  et  seq. 
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TN  the  course  of  a  series  of  experiments  on  the  effect  of  increase  of 
-"-  temperature  on  the  heart  and  its  nervous  mechanism,  we  were  at 
first  incHned  to  accept  the  results  of  Kahn  with  respect  to  heart  rate, 
pubHshed  in  his  paper  "tJber  die  Erwarmung  des  carotiden  Blutes."  ^ 
Certain  of  our  results  led  us  to  investigate  more  fully  his  methods  and 
findings.  We  perceived  that  his  method  of  procedure  was  open  to 
certain  objections  and  have  repeated  some  of  his  experiments  with 
additional  precautions.  We  have  demonstrated  that  in  Kahn's  experi- 
ments regarding  the  effect  of  warming  the  carotid  blood  certain  factors 
were  disregarded  which  have  a  very  important  bearing  on  the  subject. 
Briefly,  Kahn's  method  was  to  enclose  the  carotid  arteries  in  heaters, 
through  which  a  stream  of  hot  water  was  flowing,  while  registering 
temperatures  in  the  gullet  and  rectum,  and  observing  heart  beat  and 
blood  pressure  by  means  of  a  Cowl-Gad  apparatus.  By  trephining 
and  inserting  a  thermometer  into  the  brain  and  comparing  its  readings 
with  one  in  the  gullet;  we  have  found  that  the  readings  differ  consid- 
erably. The  following  abstract  of  a  protocol  serves  to  illustrate  this 
point. 


Experiment  6. 

—  Feb. 

14, 

1911. 

- 

Time. 

Brain 

.  temperature. 

Mouth  temperature, 

2.28 

35-5 

34.8 

3-l8 

36.0 

34-8 

3-30 

38.5 

38.2 

3-35 

40.5 

39-0 

4.11 

35-2 

34-2 

4.27 

38.0 

364 

4-34 

39-4 

38.2 

^  The  experiments  reported  in  this  paper  were  performed  during  the  author's 
tenure  of  the  George  Brown  Memorial  Scholarship. 
^  Kahn:  Archiv  fiir  Physiologie,  1904,  p.  8. 
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It  may  be  readily  understood  that  the  temperature  in  the  rectum 
does  not  give  sufficiently  definite  information,  since  variations  in  the 
heart  temperature  might  take  place  within  comparatively  wide  Hmits 
before  the  rectal  temperature  showed  any  sign.  This  variation  in 
heart  temperature  must  have  been  present  in  Kahn's  experiments, 
since  no  provision  was  made  for  cooling  the  return  flow  from  the  brain, 
and  the  overflow  of  heated  blood  from  the  superior  vena  cava  into 
the  right  auricle  must  have  exerted  its  effect  locally  on  the  heart  as 
well  as  on  the  cardiac  reflex  described  by  Mansfeldt.^  The  effect  of 
increased  temperature  on  the  perfused  mammalian  heart  is  known  to 
result  in  acceleration.  The  following  section  of  a  protocol  illustrates 
this  direct  local  effect  due  to  heated  blood  when  both  accelerators  and 
vagi  are  cut. 


\xperiment  lo.  — Dog,  i8  kil 

OS.    Me 

irch  2, 

1911. 

Time. 

Heart  temperature. 

Heart  rate. 

4.36.00 

36.2 

144 

.10 

40.1 

156 

•30 

41.2 

162 

.40 

39-2 

162 

4.37.00 

40.0 

174 

•30^ 

42.0 

186 

4.38.10  _ 

38.0 

174 

Our  procedure,  therefore,  was  as  follows:  Dogs  were  used  in  all 
the  experiments.  They  were  anaesthetized  lightly  w4th  urethane, 
sometimes  morphine  in  doses  of  2.5-5  mgm.  per  kilo  body  weight, 
and  an  ether-chloroform  mixture.  A  median  skin  incision  was  made 
from  the  level  of  the  angle  of  the  jaw  to  the  episternal  notch  and  the 
structures  exposed.  The  sterno-mastoid,  sterno-hyoid,  and  sterno- 
thyroid muscles  were  ligatured,  cut,  and  retracted.  The  carotid  artery 
was  cleaned  from  the  fascia  and  the  vagus  nerve  for  about  five  inches. 
The  trachea  was  divided,  a  cannula  was  tied  in,  and  the  freed  end  re- 
tracted over  the  sternum.  The  vagi  were  enclosed  in  thin  rubber 
sheets  moistened  with  saline,  and  a  flat  plate  cooler  was  inserted  between 
arteries  and  nerves  so  as  to  insure  the  nerves  from  damage  by  the  heat. 
The  carotids  were  then  enclosed  in  the  heaters  of  the  t}-pe  described 

^  Mansfeldt:  Archiv  fiir  die  gesammte  Physiologic,  1910,  cxxxiv,  p.  598. 


Effect  of  Increased  Temperature  of  the  Carotid  Blood.   225 

in  Kahn's  paper.  The  vertebral  arteries  of  both  sides  were  tied.  The 
right  external  jugular  vein  was  cleaned  and  enclosed  in  a  cooler  of 
the  same  type  as  the  heaters,  but  longer  and  of  larger  bore.  The  left 
external  jugular  was  used  for  inserting  the  thermometer  into  the  right 
auricle.  The  internal  jugulars  were  tied.  The  frontal  sinus  was  opened 
and  a  trephine  hole,  large  enough  to  admit  the  brain  thermometer, 
was  made  in  the  posterior  wall.  The  thermometer  tip  rested  in  the 
temporal  lobe.  Blood  pressure  was  taken  from  the  femoral  artery 
and  recorded  by  a  von  Recklinghausen  tonometer.  An  injection 
cannula  was  inserted  into  the  femoral  vein  of  the  other  side.  When 
respiratory  variations  were  studied,  the  animal  was  made  to  breathe 
into  a  glass  jar  of  10  Htres'  capacity,  and  the  recorder  which  shows 
volume  was  of  the  type  described  by  Jerusalem  and  Starhng.^  In 
studying  vaso-motor  changes  the  forefoot  of  the  dog  was  enclosed  in  a 
plethysmograph,  and  an  air-tight  piston  recorder  of  new  tj-pe,  to  be 
described  elsewhere,  was  used. 

Kahn  carried  out  his  experiments  upon  unanaesthetized  animals,  a 
procedure  to  which  objection  must  be  made.  The  sensory  stimuli 
which  are  engendered  by  operating  on  and  applying  apparatus  to 
such  animals  must  have  a  direct  and  indirect  effect  on  the  heart  action. 
The  first  effect  of  such  stimuU  would  be  to  bring  on  pain  dyspnoea,  and 
the  carbon  dioxide  content  of  the  blood  would  be  altered  to  such  an 
extent  as  to  preclude  the  possibihty  of  making  correct  deductions 
from  the  heart  tracings  (Henderson).^  It  is  best  here  to  quote  a 
protocol  of  one  of  Kahn's  experiments  (kind  of  animal  not  men- 
tioned) : 


Temperature 

Temperature 

Time. 

in  gullet. 

in  rectum. 

Blood  pressure. 

Heart  rate. 

4-36 

37-2 

38.0 

85 

47 

4.41 

38.1  • 

38.0 

90 

50 

4-50 

38.8 

38.2 

80 

52 

4-57 

40.2 

38.6 

100 

52 

5-70 

41.6 

39.0 

100 

48 

5-14 

42.0 

39-2 

100 

SI 

5.20 

42.1 

39.2 

100 

56 

5-27 

39-3 

39-1 

89 

52 

5-36 

37-8 

38.5 

85 

48 

*  Jerusalem  and  Starling:  Journal  of  physiology,  1910,  xl,  279. 
^  Henderson:  This  journal,  19 10,  xxvii,  152. 
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As  is  seen  by  the  protocol,  the  heart  rate  of  the  animal  at  the  outset 
was  282  per  minute.  Surely  with  such  a  rapid  rate  an  increase  in  any 
way  proportional  to  temperature  could  not  be  expected.  In  fact  many 
of  the  animals  experimented  on  must  have  been  in  the  condition  known 
as  acapnia  from  the  commencement.  To  obviate  difficulties  of  this 
type  our  animals  were  lightly  anaesthetized,  in  fact  just  enough  anaes- 
thetic was  used  to  prevent  the  animal  from  going  into  the  condition 
of  acapnia  without  rendering  the  centres  insensible  to  the  changes  of 
temperature.  With  this  end  in  view  the  animal  was  made  to  breathe 
through  a  large-bore  rubber  tube  three  feet  long,  thus  increasing  the 
dead  space.  In  some  of  the  experiments  the  respirations  were  recorded, 
and  in  others,  where  it  was  thought  necessary  to  have  Httle  or  no  vari- 
ation of  carbon  dioxide,  curara  was  given  and  artificial  respiration 
used. 

A.  Respiratory  changes.  — 

Protocol  (a).    Experiment  X.    Dog,  27  kilos.    Morphine,  urethane,  ether. 


Time. 

Brain  temp. 

Resp.  rate. 

Resp.  vol.  c.c- 

2-lS 

36.2 

18 

400 

2.45 

37-0 

24 

410 

3-15 

35-0 

24 

390 

4-05 

36.0  ■ 

26 

375 

4-15 

37-0 

27 

375 

4.20 

40.0 

78 

250 

Protocol  (6).  —  Experiment  2.    Dog,  19  kilos.     Morphine,  urethane,  ether. 

Time.  Brain  temp.  Resp.  rate.  Resp.  vol.  c.c. 

12.55  37,6          12  400 

1.02  37.9          18  275 

1.30  37.8  ■    20  225 

1.40  38.2          24  200 

1-47  38.5         42  175 

2.00  39.1         30  190 

2.29  39.6         18  350 

3-00  37.8        12  475 

3-25  37-0        12  425 
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Protocol  {c).  —  Experiment  j.  Dog,  19.95  kilos.     Morphine,  2.5  mgm.  per 
kilo.    Urethane,  4  gm. 

Time.                Heart  temp.  Brain  temp.  Resp.  rate.  Resp.  vol.  c.c. 

36.2  36.8  18  150 

12.24  36.0  38.0  12  325 

12.25  36-0  38.0  12  290 
12.50            ...  ...  12  350 

1.05  36.4  38.5  12  425 

1.23  36.5  39.0  12  450 

1-45        36.5        39-0        12        475 

2-25        36.3        37.7 

3-35        36.0        36.9        10        475 

In  considering  the  effect  of  heat  on  the  respiratory  centre  several 
factors  must  be  recognized.  Dogs-  depend  for  their  heat  loss  mainly 
on  the  evaporation  of  water  from  lungs  and  air  passages,  and  respond 
to  external  heat  by  an  increased  ventilation,  as  is  observed  by  Scigliano^ 
(guinea  pigs)  and  Wood  and  Cerna  ^  (dogs) .  On  teleological  grounds 
one  would  expect  increased  ventilation  to  result  from  central  heating 
also,  but  the  particular  type  of  respiratory  change  is  problematical. 
Kahn  states  that  acceleration  and  shallowing  of  breathing  were  the 
effects  noted  in  his  experiments  when  the  carotid  blood  was  warmed, 
and  for  high  temperatures  he  noted  slowing  and  deepening.  The 
part  which  sensory  stimulation  might  play  in  causing  these  respira- 
tory variations  must  not  be  lost  sight  of,  and  that  Kahn  recognized 
this  is  evident  from  his  precautions  in  carefully  insulating  his  heaters 
from  the  surrounding  tissue.  Insulation  of  the  heaters  with  cotton  wool 
such  as  Kahn  practised  could  not  prevent,  we  found,  the  escape  of 
heat  such  as  might  affect  the  vagi.  Scott  ^  observed  that  when  the 
vagi  are  cut  increase  in  carbon  dioxide  causes  a  deepening  of  respira- 
tion but  no  increase  in  rate,  in  fact  sometimes  slowing.  It  seemed 
possible  that  the  slowing  observed  by  Kahn  for  high  temperatures 
(42°)  was  due  to  a  destruction  of  the  vagi  by  heat  escape  from  the 
heaters.  This  we  completely  avoided  in  our  experiments  by  the  use 
of  the  plate  cooler.  Other  sources  of  sensory  stimulation  were  also 
present  in  his  experiments,  — viz.,  the  effect  of  the  heated  blood  from 
the  carotids  going  to  the  sensory  areas  of  the  face  and  head,  and  the 

*  SciGLiANO:  Archivio  di  fisiologia,  1911,  ix,  297. 

^  Wood  and  Cerna:  Journal  of  physiology,  1892,  xiii,  870. 

*  Scott:  Ibid.,  1908,  xxxvii,  301. 
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return  flow  of  heated  blood  by  the  jugulars.  In  our  experiments  the 
latter  error  has  been  overcome  by  using  coolers  on  the  jugular. 

The  former  source  of  stimulation  may  be  counteracted  to  a  certain 
extent  by  anaesthesia,  but  the  impossibility  of  entirely  eliminating 
sensory  reflex  effects  by  this  course  is  quite  apparent  to  us.  In  protocol 
(a)  it  will  be  noted  that  an  increase  of  brain  temperature  produces 
acceleration  and  shallowing  of  respiration.  In  protocols  (b)  and  (c)  a 
slowing  of  rate  and  increase  of  volume  are  seen  to  occur.  Another 
type  of  response  is  the  increase  of  volume- without  change  in  rate 
(protocol  c).  These  differences  may  depend  on  slight  variations  in 
the  depth  of  anaesthesia  of  the  sensory  side  of  the  central  respiratory 
mechanism,  and  would  therefore  be  analogous  to  the  varying  effect 
of  carbon  dioxide  inhalation  with  intact  and  cut  vagi,  as  noted  by  Scott. ^ 
These  are  points  which  demand  further  investigation. 

B.  Vaso-motor  changes.  —  Recording  the  volume  of  a  forefoot  with 
a  plethysmograph,  the  vaso-dilatation  was  observed  to  go  hand  in  hand 
with  the  temperature  changes.  As  seen  in  the  protocols,  the  dflatation 
of  peripheral  vessels  conforms  remarkably  well  to  temperature  increases. 
This  dilatation  was  observed  in  slow-heating  experiments  to  take  place 
considerably  before  the  heart  rate  was  affected  by  the  same  increase 
of  temperature  and  before  the  respiratory  changes.  The  vaso-motor 
centre  appears  to  be  more  easily  excited  than  the  respiratory  or  heart 
centres.  The  reflex  effect  from  the  skin  of  the  head  is  a  possibihty 
which  we  have  taken  into  consideration.  Observations  on  dogs  in 
which  arm  volume  was  recorded  and  heat  applied  to  skin  areas  showed 
us  a  slight  vaso-dilatation.  With  human  subjects  we  have  observed 
the  reflex  vaso-dilatation  to  be  more  marked. 

Experiment  j  (a).  —  Dog,  19.95  kilos.    Morphine,  urethane,  ether. 


Time. 

Brain  temp. 

B.  P.^ 

Pleth.9 

12.00 

36.8 

136 

I 

12.24 

38.0 

160 

48 

12.25 

38.0 

160 

50 

1.05 

38.5 

144 

82 

1.23 

39-0 

144 

96 

1-45 

39-0 

148 

138 

2.25 

37-7 

152 

158 

3-25 

36.9 

140 

74 

^  B.  P.,  blood  pressure  in  mm.  Hg.     Plethysmograph  variations  are  given  in 
millimetres  of  rise  of  the  recording  lever. 
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Experiment  2  (b).    Dog,  19  kilos.    Morphine,  urethane,  ether. 


i  Time. 

Brain  temp. 

^  I  B.  P. 

Pleth 

12.30 

38.2 

128 

0 

.  .  . 

124 

10 

12.55 

37-6 

192 

6 

1.02 

37-9 

152 

23 

1.20 

37-7 

38 

1.30 

37-8 

124 

42 

1.40 

38.2 

132 

43 

1.47 

38.S 

156 

45 

2.00 

39-1 

140 

53 

2.29 

39-6 

152 

65 

3-25 

37-0 

132 

25 

3-30 

36.9 

132 

25 

C.  Changes  in  cardiac  rate.  —  The  possibilities  of  error  in  Kahn's 
experiments  regarding  heart  rate  have  been  mentioned.  Regarding 
the  effect  of  the  return  flow  from  the  head  influencing  the  heart  rate 
both  locally  and  reflexly,  it  is  not  necessary  to  say  anything  further. 
Another  factor  in  causing  acceleration  under  conditions  of  such  experi- 
ments must  be  discussed  here.  In  the  experiments  in  which  the  respira- 
tory changes  were  recorded,  we  observed  an  increase  of  respiratory 
ventilation  for  increase  of  brain  temperature,  as  has  been  pointed  out. 
This  increased  ventilation  might  readily  be  sufficient  to  lower  the  car- 
bon dioxide  tension  in  the  blood  and  thus  cause  changes  in  the  rate 
of  the  heart  itself  and  in  the  activity  of  the  centres  (Henderson).^ 
The  effect  of  increasing  the  percentage  of  CO2  in  perfusion  fluid  going 
to  an  isolated  heart  was  observed  by  Jerusalem  and  Starling  to  be  a 
slowing  of  the  heart  beat;  conversely,  on  decreasing  the  CO2  percent- 
age, an  acceleration.  Experiments  were  also  carried  out  by  varying  the 
percentage  of  CO2  in  the  inspired  air  with  similar  results.  These  errors 
have  been  avoided,  as  pointed  out  above,  by  increasing  the  dead  space 
or  injecting  curara.  Our  results  obtained  under  these  conditions  are 
seen  in  the  following  protocols : 

Protocol  A.  —  Experiment  i.    Dog,  16.3  kilos.    Chloroform,  ether,  curara. 
Time.  Heart  temp.  Brain  temp.  Heart  rate. 

2.20  37.0  38.2  156 

2.21  ...  38.3  168 

38.4  180 
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Protocol  A.  —  Experiment  i  {continued). 

Time                 Heart  temp.           Brain  temp.  Heart  rate. 

2.23                         .  .  ,                         38.6  180 

2.25  36.6                        38.8  180 

2.26  .  .  .                         38.9  186 

2.27  36.8                        39.0  186 

2.34  37.2                        39.6  192 

2.40  37-6^                   40.0  198 

Protocol  B.  —  Experiment  6.    Dog,  10.9  kilos.    Urethane,  ether. 

12.45                    34.8                    35.0  84 

12.48                    35.0                    36.0  180 

1. 18                    36.4                    38.4  186 

1.30                    37.0                    39.0  201 

Protocol  C.  —  Experiment  g.    Urethane,  ether,  curara. 

3-27                    37                      37-0  84 

3.41  37                      38-0  108 
37                      39-2  144 

3-42                    37                      39-3  150 

Protocol  D.  —  Experiment  15.    Dog,  8  kilos.    Morphine,  ether, 

12.00                    36.3                    36.0  102 

12.02                    36.3                    37.0    .  117 

12.04                    36.6                    38.1  117 

12.08  36.6                    39.0  126 

12.09  36.6                    39.0  135 

Protocol  E.  —  Experiment  5.    Dog,  11  kilos.    Morphine,  urethane.' 

1. 10                    32.0                    32.0  144 

1.20                    31.8                    32.4  144 

1.30                    32.0                    33.4  120 

1.35  32.0  34.0  108 
1.45  32-0  34-2  132 
2.10  33.5  34.5  156 
2.30  34.0  35.5  168 
2.50  34.4  36.1  168 
3-25                   35-0                   37-2  174 

In  nearly  every  case  the  effect  of  heating  the  brain  was  to  produce 

heart  acceleration.     Protocols  A,  B,  C,  and  D  arc  examples  of  this. 


Effect  of  Increased  Temperature  of  the  Carotid  Blood.   231 

The  rate  at  which  the  changes  of  temperature  were  brought  about 
had  no  influence  on  the  heart  acceleration  in  our  experiments.  Protocol 
E  is  an  example  of  a  preliminary  slowing  for  increase  of  tempera- 
ture followed  by  acceleration.  This  was  observed  in  a  few  of  our 
experiments. 

Efect  of  heat  on  vagus  centre.  —  In  protocol  F  it  will  be  seen  that 
section  of  the  vagi  does  not  prevent  the  increase  of  heart  rate  for  higher 
temperatures.  In  protocols  H  and  I  it  will  be  seen  that  section  of  the 
vagi  after  the  accelerators  have  been  cut  causes  a  rise  in  heart  rate. 
It  is  evident  that  when  the  vagi  only  are  cut,  the  impulses  generated 
in  the  centres  by  the  action  of  the  heated  carotid  blood  discharge  on 
the  heart  by  the  accelerator  mechanism.  It  is  interesting  to  note  in 
protocol  I  that  after  cutting  the  accelerators  and  cooHng  to  34.5 
warming  of  the  centres  caused  a  preliminary  drop  in  rate  which  could 
only  be  due  to  an  increase  in  vagus  tone  and  is  probably  analogous  to 
the  initial  drop  in  rate  in  protocol  E  mentioned  above.  It  is  evident 
that  heat  to  the  centre  may  increase  the  activity  of  the  vagus  centre. 

Protocol  F.  —  Experiment  4.    Dog,  17  kilos.    Morphine,  urethane,  ether. 
Time.  Heart  temp.  Brain  temp.  Heart  rate. 


2.45 

35-0 

35-2 

168 

2-53 

35-5 

36.0 

174 

2-55 

36.5 

180 

3.00 

35-6 

37-3 

186 

3.10 

36.0 

38.0 

186 

3.20 

36.5 

38.6 

192 

j       One 

Vagus 

CUT. 

3-35 

36.4 

37- 

174 

Second  Vagus  cut. 

3-47 

36.0 

36.2 

168 

4.00 

35-5 

36-9 

180 

4-03 

35-7 

37-5 

192 

4.20 

36.4 

39-0 

198 

4-33 

36.6 

39-5 

204 

4.40 

36-4 

38.5 

198 

Effect  of  heat  on  accelerator  centre.  —  In  the  protocols  dealing  with 
this  effect,  G,  H,  I,  it  will  be  noted  that  there  is  a  very  general  drop 
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in  rate  follov/ing  such  section,  if  undertaken  when  the  brain  tempera- 
ture is  above  normal,  and  any  increase  in  rate  subsequently  can  be 
traced  to  the  direct  effect  of  changes  in  heart  temperature.  These 
observations  show  clearly  that  the  effect  of  heat  on  the  centres  is  to 
cause  an  acceleration,  and  that  this  acceleration  is  accomplished  mainly 
by  the  accelerator  mechanism. 

Protocol  G.  —  Experiment  8.     Dog,  20  kilos.     Urethane,  ether-chloroform, 


curara. 

' 

Time. 

Heart  temp. 

Brain  temp. 

Heart  rate. 

12.20 

36.0 

36.5 

150 

12.25 

36.0 

37-6 

156 

1. 12 

35-0 

36.0 

180 

1.29 

35-5 

37-0 

204 

2.23 

35-6 

36.5 

174 

2.28 

36.0 

37-0 

192 

2-43 

37-0 

38.0 

228 

2.46 

37-0 

38.5 

228 

2.48 

37-2 

39-0 

228 

2.49 

Accelerators  cut 

.    2.51 

37-2 

39-0 

204 

3.01 

37-2 

38.5 

174 

3.16 

36.5 

37-4 

144 

3-27 

36.0 

36.8 

138 

3-32 

36.0 

37-0 

138 

3-34 

36.0 

37-S 

144 

Protocol  n.  —  Ex 

periment  10.    Doe. 

18  kilos.    Urethane,  ether-c 

curara. 

1.25 

364 

36.8 

120 

1-52 

36.3 

37-5 

132 

2.00 

364 

3S.0 

156 

2.08 

36.5 

38.0 

150 

2.30 

36.5 

37-0 

146 

2-55 

36-4 

36.8 

141 

2.58 

36.5 

37-5 

150 

2-59 

36.6 

37-9 

165 

3.06 

37-0 

39-0 

174 

3.10 

36.8 

39-4 

168 

39-6 

177 

3-i8 

36.8 

39-5 

174 
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Protocol  H.  —  Experiment  10 

(continued). 

Accelerators  cut 

Time. 

Heart  temp. 

Brain  temp 

Heart  rate. 

3-19 

•    •    • 

39-3 

159 

3-25 

36.8 

39-0 

150 

3 -40 

36.0 

36.5 

147 

4.00 

36.0 

37-5 

147 

4.09 

36.0 

38.4 

147 

4.14 

36.0 

Vagi 

39-0 

CUT 

141 

4-15 

36.0 

39-0 

156 

4.20 

36.0 

39-0 

156 

Protocol  I.  —  Experiment  12.    Dog,  9.07  kilos. 

Urethane,  ether, 

12.10 

36.8 

38.0 

174 

12.12 

36.8 

39-0 

190 

12.30 

35-0 

35-1 

156 

12.32 

35-0 

35-4 

156 

12.34 

35-2 

37-0 

162 

12.37 

35-6 

38.0 

165 

12.44 

35-6 

39-0 

192 

Accelerators  cut 

12.45 

35-6 

39-0 

171 

12.47 

35-8 

39-0 

154 

12.48 

35-8 

39-3 

147 

I.H 

34-5 

34.5 

132 

1. 17 

34-5 

36.0 

118 

1.20 

34-5 

37-0 

118 

1-25 

34-6 

Vagi 

38.0 

CUT 

124 

1.30 

34-5 

37-0 

132 

1-33 

34-3 

36.0 

120 

The  author  wishes  to  thank  Professor  V.  E.  Henderson  for  his  many 
and  valuable  suggestions  and  criticisms. 
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Summary. 

The  results  of  warming  the  brain  by  heating  the  carotid  blood : 

I.  An  increase  in  heart  rate  which  is  due  to  increased  accelerator 
tone. 

II.  In  some  cases  a  primary  decrease  in  rate  is  noted  due  to  an 
increase  in  vagus  tone. 

III.  An  increase  of  blood  in  the  periphery.  The  vaso-motor  response 
seems  to  be  more  dehcate  than  that  of  heart  or  respiratory  mechanisms. 

IV.  An  increase  in  respiratory  ventilation.  This  usually  is  due  to 
an  increase  in  rate  with  shallowing,  but  we  have  observed  increase  in 
depth  with  no  decrease  in  rate  and  with  decrease  in  rate.  These  dif- 
ferences are  probably  due  to  differences  in  activity  of  the  sensory  side 
of  the  respiratory  mechanism. 


THE  EFFECT  OF  EXERCISE  UPON  THE  VENOUS  BLOOD 

PRESSURE.! 

By  D.  R.  hooker. 

[From  the  Physiological  Laboratory  of  the  Johns  Hopkins  University.] 

THAT  exercise  produces  a  rise  of  venous  pressure  is  evident  from 
even  casual  observation  of  men  and  animals  doing  muscular 
work;  the  superficial  veins  stand  out  conspicuously,  and  upon  palpa- 
tion they  are  found  to  be  hard  as  well  as  full.  The  extent  of  this  rise 
of  pressure  has  not  been  investigated,  nor  have  explanations  been 
advanced  to  account  for  the  condition. 

Owing  to  the  difficulties  which  beset  attempts  to  investigate  the 
subject  of  venous  pressure  in  animal  experimentation,  we  have  tacitly 
accepted  the  view  that  the  veins  serve  merely  as  wide  channels  where 
the  blood  in  excess  of  that  needed  for  the  arterial  circulation  is  col- 
lected, and  through  which,  by  gentle  gradations  of  pressure,  it  is  con- 
veyed back  to  the  heart  in  such  a  way  that  the  feeding  pressure  of  the 
latter  organ  is  practically  constant.  There  is  always  enough,  and 
there  is  never  too  much,  blood  to  supply  this  delicately  regulated  pump. 
The  fact  that  normal  muscular  exertion  causes  a  considerable  rise  of 
venous  pressure  is  sufficient  to  indicate  that  that  view  requires  modi- 
fication. In  a  sense  such  a  rise  of  venous  pressure  might  be  regarded 
as  a  transient  alteration  of  circulatory  conditions  analogous  to  the 
results  observed  upon  stimulation  of  sensory  nerves,  the  intravenous 
infusion  of  salt  solution,  etc.  This  exercise  rise  of  pressure  may  be 
maintained,  however,  for  a  considerable  time,  long  enough  certainly 
to  permit  of  readjustment  if  the  circulatory  economy  called  for  it. 
It  would  seem,  therefore,  since  this  elevation  of  pressure  is  maintained 
throughout  the  period  of  exercise,  that  it  may  serve  a  specific  purpose 
and  be  quite  in  keeping  with  the  proper  function  of  the  mechanism. 

1  A  preliminary  report  of  this  work  is  printed  in  the  Proceedings  of  the  Amer- 
ican Physiological  Society,  Hooker  and  Wolfsohn:  This  journal,  1910,  xxv,  p.  24. 
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Most  of  the  observations  reported  in  this  paper  were  made  upon 
man.  The  instrument  used  is  a  modification  of  that  used  by  von 
Reckhnghausen,^  and  has  already  been  described.^  The  principle 
upon  which  the  method  depends  may  be  briefly  stated.  The  pressure 
in  any  vein  is  the  resultant  of  two  factors,  (a)  the  force  of  the  heart 
beat  remaining  after  the  peripheral  resistance  has  been  overcome,  and 
{h)  the  weight  of  the  hydrostatic  column  extending  from  the  vein  to 
the  heart  level.  If  the  vein  observed  lies  below  the  level  of  the  heart, 
the  hydrostatic  column  adds  itself  to  the  pressure  in  the  vein  caused 
by  the  heart  beat;  conversely,  if  the  vein  lies  above  the  heart  level,  the 
hydrostatic  column  becomes  negative  in  value  and  acts  to  reduce  the 
pressure  otherwise  produced.  In  man  the  pressure  within  a  super- 
ficial vein  may  be  measured  by  determining  the  force,  expressed  in 
centimetres  of  a  columa  of  water,  necessary  to  overcome  the  pressure 
within  the  vein.  Having,  for  example,  determined  the  pressure  nec- 
essary to  cause  a  superficial  vein  of  the  hand  to  collapse  while  the  hand 
is  resting  on  the  knee  to  be  20  cm.  of  water,  a  correction  may  be  made 
by  deducting  the  difference  in  level  between  the  vein  and  the  heart, 
about  12  cm.,  which  gives  the  venous  pressure  when  referred  to  the 
heart  level  as  8  cm.  of  water.  The  level  of  the  heart  must  be  arbitrarily 
chosen.  In  this  work  it  was  taken  as  the  mid-point  of  the  antero- 
posterior diameter  of  the  body  at  the  tip  of  the  sternum.  The  instru- 
mental error  of  the  method  is  less  than  2  cm. 

In  different  individuals  the  venous  pressure  determined  by  this 
method  may  vary  from  2  to  16  cm.  The  average  value  is  about  9  cm. 
The  variation  to  be  observed  in  normal  individuals  is  probably  to  be 
ascribed  to  uncontrolled  experimental  conditions,  since  the  same  in- 
dividual may  show  similar  variations  under  altered  circumstances. 

In  the  experiments  on  man  here  recorded,  the  subject  was  seated 
on  a  stationary  bicycle  such  as  is  used  in  gymnasia  for  exercise.  Both 
hands  rested  on  the  handle  bars.  With  one  hand  the  subject  main- 
tained his  balance  and  position;  the  other  was  left  free  and  relaxed 
as  much  as  possible,  and  on  it  the  determinations  were  made.  No 
record  was  kept  of  the  arterial  pressure,  the  heart  rate,  or  the  respira- 
tory rate.    From  the  work  of  others,^  it  may  be  assumed  that  there 

"^  V.  Recklinghausen:  Archiv  fiir  experimentelle  Pathologic  und  Pharmacol- 
ogic, 1906, Iv,  p.  463. 

'  Hooker  and  Eyster:  The  Johns  Hopkins  Hospital  bulletin,  190S,  xi.x,  274. 
*  Bowen:  This  journal,  1904,  .\i,  p.  60. 
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was  an  increase  of  all  these.  Further  no  means  were  available  to  ascer- 
tain the  amount  of  physical  exertion  made.  In  most  of  the  subjects 
the  exertion  was,  however,  violent,  as  indicated  by  profuse  perspiration, 
dyspnoea,  and  subsequent  fatigue. 

The  protocols  of  the  experiments  on  man  follow: 

Dec.  I,  1909.    Subject,  W.    Exercise,  stationary  bicycle. 

Time.  Venous  pressure.  Remarks. 

2.27  3.75  Control  record. 

2.28  ....  Exercise  begun. 

2.30  1-75  

2-35  0.75  

2.40  3.75  

245  3-75                          

2-50  5-75                          

2-55  7-75                          

3-IO  10.75                         

3.12  IO-75  Exercise  stopped. 

The  exercise  lasted  forty-four  minutes.    The  venous  pressure  rose 
7  cm.    During  the  first  of  the  exercise  the  respiration  was  accelerated. 
This  subject  served  also  for  the  experiment  of  Dec.  13,  1909, 

Dec.  I,  1909.     Subject,  C.     Exercise,  stationary  bicycle. 

Time.  Venous  pressure.  Remarks. 

3.20  6.5  Control  record. 

3.23  ...  Exercise  begun. 

3-27  8.5  

3-35  9-5  

3-40  12.5  

3-45  13-5  

3-50  15-5  

3-55  I7-0  

4.00  18.5  

4-IO  17-5  

4.15  18.5  Exercise  stopped. 

The  exercise  lasted  fifty- two  minutes.     The  venous  pressure  rose 
10  cm.    No  respiratory  distress  observed. 
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Dec.  4,  1909.    Subject,  Ch.    Exercise,  stationary  bicycle. 

Time.  Venous  pressure.  Remarks. 

9.08  14.5  Control  record. 

9.09  ....  Exercise  begun. 

9. II  18.5  

9-13  20.5  

9-15  19-5  

9-17  21.5  - 

9-19  20.5  

9.21  20.5  

9.23  21.5  Subject  breathing  slower  and  deeper. 

9.26  18.5  

9-28  17-5  

9.30  15.5  Exercise  stopped. 

The  exercise  lasted  twenty-one  minutes.  The  venous  pressure  rose 
7  cm.  The  maximum  rise  was  not  at  the  end  of  exercise,  however. 
Indeed  the  last  reading  showed  a  return  of  the  pressure  to  practicall}'  a 
normal  value ;  there  was  no  period  of  respiratory  distress.  It  is  to  be 
noted  that  the  decrease  of  venous  pressure  toward  the  end  of  the  exer- 
cise was  accompanied  by  deep  and  slow  respiratory  movements. 

This  subject  served  also  for  the  experiment  of  Dec.  6,  1909. 

Nov.  4,  1909.    Subject,  C.    Exercise,  stationary  bicycle. 

Time.  Venous  pressure.  Remarks. 

1 1. 1 8  12  Control  record. 

11.20  . .  Exercise  begun. 

11-23  17  

11.25  20  

11.26  22  

11.28  16  

11.29  i6  

11.32  20  Exercise  stopped.    Marked  fatigue. 

The  exercise  lasted  twelve  minutes.  The  venous  pressure  rose  8  cm. 
There  was  an  almost  continual  increase  of  respiratory  activity.  The 
subject  was  ''sprinting"  throughout  the  experiment. 
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Dec.  6,  1909.    Subject,  Ch.    Exercise,  stationary  bicycle. 
Time.  Venous  pressure.  Remarks. 

3.08  2.5  Control  record. 

3.09  ...  Exercise  begun. 

3-IO  9-5  

3-II  13-5  

3-12  9-5  

3-14  ii-S  

3.15  9.5  Respirations  deeper  and  slightly  slower. 

3-i6  II. 5  

3-17  8.5  

3-i8  8.5  

3-19  8.5  

3-21  9-5  

3.22  9.5  Exercise  stopped. 

The  exercise  lasted  eleven  minutes.    The  venous  pressure  rose  11  cm. 
The  maximum  rise  occurred  very  shortly  after  the  exercise  was  begun. 
This  subject  served  also  for  the  experiment  of  Dec.  4,  1909. 

Dec.  6,  1909.    Subject,  H.    Exercise,  stationary  bicycle. 

Time.                 Venous  pressure.  Remarks. 

3.31  4.75  Control  record. 

3.35  ...  Exercise  begun. 

3-36  6.7s  

3-38  7-75  

3-39  8.75  

340  8.75  

342  9-75  

344  12.75  

3.46  14.75  

3.48  14.7s  

3.58  ....  Exercise  stopped. 

4.00  14.0  

4.02  10.5  

405  9.5  

4-07  8.5  

4-09  8.5  

4-IO  8.5  

The  exercise  lasted  twenty-three  minutes.    The  venous  pressure  rose 
10  cm.    After  the   exercise  the  pressure  fell  quickly  to  a  constant 
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value,  which  was,  however,  3  cm.  above  that  at  the  beginning  of  the 
experiment. 

Dec.  10,  1909.    Subject,  E.    Exercise,  stationary  bicycle. 

Time.                Venous  pressure.  Remarks. 

3.05  10  Control  record. 

3.10  . .  Exercise  begun. 

3-12  3  

3-13  6 

3-15  9  

3-20  13  

3.26  16  

3-35  16  

340  17  

345  19  

348  21  

3.50  21  Exercise  stopped. 
3-54  19  

3-55  15  

The  exercise  lasted  forty-five  minutes.     The  venous  pressure  rose 
II  cm. 

Dec.  13,  1909.    Subject,  W.    Exercise,  stationary  bicycle. 

Time.                 Venous  pressure.  Remarks. 

3.26                         8  Control  record. 

3.28  12  Control  record. 

3.35  . .  Exercise  begun. 

3-36  II  

3-37  20  

3-39  21  

3.40  24  Respirations  deeper. 

341  19  

344  15  

345  17  

346  21  

347  22  

348  23  

349  25  

3-50  26  

3.51  26  E.xercise  stopped. 
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The  exercise  lasted  sixteen  minutes.  The  venous  pressure  rose 
14  cm.  There  is  a  transitory  fall  in  pressure  coincident  with  increased 
respiratory  activity. 

This  subject  served  also  for  the  experiment  of  Dec.  i,  1909. 

Dec.  13,  1909.    Subject,  D.    Exercise,  stationary  bicycle. 

Time.  Venous  pressure.  Remarks. 

4.09  14  Control  record. 

4.10  16  Exercise  begun. 

4-II  19  

4-13  17  

4.14  16  

4.15  17-25  

4-17  15-25  

4.18  *i7.25  

4-19  18-25  

4.20  20.25  Exercise  stopped. 

The  exercise  lasted  eleven  minutes.  The  venous  pressure  was  6  cm. 
Respiration  was  violent  throughout. 

These  results  on  man  were  corroborated  on  animals.  Under  morphia- 
ether  anaesthesia  stimulating  electrodes  were  placed  on  the  peripheral 
ends  of  the  cut  sciatic  nerves  as  they  left  the  pelvis  or  upon  the 
peripheral  end  of  the  severed  dorsal  cord.  Stimulation  was  produced 
with  an  induced  electrical  current  at  the  rate  of  one  per  second.  Ar- 
terial pressure  was  recorded  in  the  carotid.  The  venous  pressure  was 
obtained  by  passing  a  long  glass  cannula  into  the  external  jugular  until 
its  end  lay  beyond  the  junction  with  the  subclavian  vein  so  that  the 
record  was  not  disturbed  by  the  action  of  the  venous  valves  at  this 
point,  or  in  other  cases  a  similar  cannula  was  passed  into  the  femoral 
vein  until  it  had  passed  the  valves  present  at  the  brim  of  the  pelvis. 
The  cannula  and  tube  connecting  with  a  water  manometer  were  filled 
with  10  per  cent  sodium  citrate  solution.  The  excursions  of  the  fluid 
in  the  manometer  were  recorded  by  connecting  the  latter  with  a 
tambour  or  piston  recorder.  By  this  method  it  was  possible  to  show 
that  the  activity  of  a  group  of  muscles  produced  a  rise  of  venous 
pressure.  The  conditions  were  not  favorable  to  obtain  an  extended 
rise  of  pressure.  The  accompanying  record  (Fig.  i)  from  a  dog  shows 
a  sudden  sharp  rise  of  venous  pressure  amounting  to  about  4.5  cm.  at 
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the  onset  of  muscular  exercise  which  is  coincident  with  a  considerable 
increase  of  respiratory  activity.  The  latter  was  registered  by  air 
transmission,  the  receiving  tambour  being  strapped  to  the  chest  wall. 
VC\i\i  the  cessation  of  the  excessive  respiratory  activity  the  venous 
pressure  falls  to  a  point  2  cm.  above  the  control,  where  it  remains 
throughout  the  period  of  muscular  exertion.  Throughout  tiie  stimu- 
lation the  arterial  pressure  remains  unchanged. 


V'\^VifV; 


Wh/^J^/^sT'^. 


{ 


iiiUi4 


liMliifl 


ilittilll 


Figure  1.  —  The  effect  of  muscular  exercise.  First  line,  venous  pressure;  second  line, 
arterial  pressure;  third  line,  duration  of  stimulation;  fourth  line,  respirator}'  move- 
ments.    The  base  hne  for  arterial  pressure  is  46.5  mm.  below  the  signal. 

It  is  obvious  that  a  number  of  factors  must  be  considered  as  causa- 
tive agents  in  the  production  of  this  rise  of  venous  blood  pressure 
during  muscular  exercise.    These  may  now  be  briefly  considered. 

An  increase  of  venous  tone  due  to  catabolic  products  in  circulation-  — 
Henderson  ^  has  advanced  the  hypothesis  that  the  condition  of  acapnia 
is  brought  about  by  prolonged  forced  breathing.  The  washing  out 
of  the  carbon  dioxide  thus  produced  results  in  a  loss  of  venous  tone 
which  expresses  itself  primarily  as  a  fall  in  venous  pressure.  This 
condition  may  be  relieved  or  avoided  if  the  carbon  dioxide  content  of 
the  tissues  is  held  at  normal,  in  which  case  the  tone  of  the  veins  is 
maintained.  The  rise  of  venous  pressure  in  muscular  exercise  may 
therefore  be  due  to  a  direct  action  of  catabolic  products,  and  espe- 

^  Henderson:  This  journal,  1908,  xxxiii,  p.  xxx. 
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dally  of  carbon  dioxide  upon  the  veins  producing  an  increase  of  venous 
tone.  Such  an  explanation  would  imply  a  difference  in  the  effect  of 
carbon  dioxide  upon  the  veins  and  capillaries  or  arterioles,  because 
Bayliss  has  shown  that  Ringer's  solution  saturated  with  carbon  dioxide 
produces  a  loss  of  vascular  tone  when  perfused  through  the  legs  of 
frogs.^ 

This  objection  to  Henderson's  hypothesis  is,  however,  open  to  the 
criticism  that  the  conditions  are  not  analogous.  The  reaction  of  vas- 
cular tone  may  vary  with  the  amount  of  carbon  dioxide  already  present 
in  the  tissues.  Jerusalem  and  Starling  have  shown  this  clearly  for  the 
isolated  mammalian  heart. ^  Beginning  at  a  carbon  dioxide  concentra- 
tion of  zero,  the  efficiency  of  the  heart  is  improved  up  to  an  optimum 
concentration  of  from  5-8  per  cent  of  an  atmosphere,  after  which 
increasing  concentrations  exert  a  depressing  effect  upon  the  cardiac 
musculature.  It  is  possible  that  a  repetition  of  Bayhss'  experiments 
would  show  a  similar  difference  in  the  behavior  of  vascular  tone. 

It  does  not  seem  probable,  however,  that  this  explanation  is  appli- 
cable to  the  exercise  rise  of  venous  pressure  because  the  rise  of  pressure 
is  quite  sudden,  and  the  return  to  normal  is  equally  quick.  The  as- 
phyxial  rise  of  venous  pressure  as  observed  by  Plumier  ^  in  animals 
with  opened  thorax,  makes  its  appearance  gradually,  and  does  not 
reach  a  maximum  for  a  minute  or  more.  The  degree  of  asphyxia  thus 
produced  is  far  greater  than  in  the  experiments  here  discussed.  We 
might  expect,  therefore,  at  least  as  prompt  a  rise  of  venous  pressure. 
Furthermore,  we  should  hardly  expect  a  sufficient  collection  of  veno- 
constrictor  catabolic  products  to  produce  the  rise  in  pressure  observed 
without  a  protracted  period  of  discomfort  expressed  as  fatigue. 

An  expression  of  venous  blood  from  the  limb  vessels  by  muscular  mas- 
sage. • —  Von  Recklinghausen  ^  showed  that  the  force  of  the  heart  beat 
was  insufffcient  alone  to  raise  the  venous  blood  from  the  feet  to  the 
heart  level  in  the  vertical  position.  It  must  be  aided  by  muscular  and 
joint  movement  which  lifts  the  blood  from  one  valve  support  to  another. 
The  continuous  emptying  of  the  veins  in  the  legs  when  the  arterial 
supply  is  very  free  might  therefore  tend  to  produce  a  rise  of  the  general 

®  Bayliss:  Journal  of  physiology,  1901,  xxvi,  p.  xxxii. 
^  Jerusalem  and  Starling:  Journal  of  physiology,  1910,  xl,  p.  279. 
^  Plumier:  Archives  intemationales  de  physiologic,  1909,  viii,  p.  i. 
^  V.  Recklinghausen:  Loc.  cit. 
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venous  pressure.  The  mechanical  effect  would  be  that  of  excluding  a 
considerable  storage  space  for  venous  blood.  To  test  this  hypothesis, 
vigorous  massage  was  applied  to  the  legs  of  a  lightly  anaesthetized 
animal.  It  resulted  in  a  transitory  rise  of  venous  pressure.  No  op- 
portunity was  available  to  make  a  similar  observation  on  man. 

A  decrease  in  the  arterial  bed  due  to  splanchnic  vaso-constriction  by 
shunting  more  blood  to  the  venous  side.  —  During  muscular  exercise  in 
man  there  is  a  considerable  rise  of  arterial  pressure  accompanied  by  an 
increase  of  pulse  pressure.^"  This  condition  could  be  brought  about 
either  by  an  increase  in  the  unit  volume  of  the  heart  or  by  an  increase 
of  peripheral  resistance.  In  the  latter  case  the  value  of  the  pulse  pres- 
sure may  be  shown  to  vary  directly  with  the  peripheral  resistance. 
When  the  muscles  are  active,  it  is  quite  probable  that  the  blood  supply 
to  the  splanchnic  area  is  decreased,  due  to  vaso-constriction,  for  it 
would  be  poor  physiological  economy  to  increase  or  even  to  maintain 
the  blood  supply  to  this  area.  Such  a  reaction  in  the  splanchnic  area 
might  well  cause  both  the  rise  of  arterial  pressure  and  increase  of  pulse 
pressure.  It  is  possible,  therefore,  that  the  effect  of  exercise  observed 
on  venous  pressure  is  due  to  an  increase  of  blood  on  the  venous  side, 
accompanied  by  an  increased  resistance  to  cardiac  output.  Such  an 
h}^othesis  is,  however,  contrary  to  the  present  view  that  the  venous 
system  forms  a  reservoir  which  is  never  filled,  and  consequently  the 
feeding  pressure  of  the  heart  is  maintained  constant.  But  it  is  to  be 
remarked  that  every  protracted  elevation  of  venous  pressure  is  con- 
trary to  such  a  supposition.  Indeed  the  feeding  pressure  of  the  heart 
must  be  a  constantly  varying  factor,  and  it  follows  that  the  heart 
must  be  able  to  maintain  its  function  regardless  of  any  normal  variation 
in  the  venous  pressure. 

The  influence  of  the  factor  here  discussed  is  obvious  from  a  priori 
reasoning.  We  are  deahng  with  a  venous  plethora  caused  by  splanchnic 
constriction.  The  experimental  evidence  for  it  is  abundantly  found  in 
work  of  Bayliss  and  Starling.^^  Thus  in  experiments  5  and  6  of  their 
paper  are  given  the  values  of  arterial  and  venous  pressures  before  and 
after  splanchnic  excitation.  The  rise  of  venous  pressure  following  this 
procedure  is  apparently  independent  of  the  heart  rate  and  arterial 
pressure  as  indicated  by  the  following  excerpts: 

10  Lowsley:  This  journal,  191 1,  xxvii,  p.  446. 

"  Bayliss  and  Starling:  Journal  of  physiology,  1894,  xvi,  p.  159. 
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Venous.^' 

94 

68 

III-132  ^'^ 

82-86 

25 

68 

25-31 

84-102 
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Before  stimulation  (one  vagus  intact) 
During  stimulation  (one  vagus  intact) 
Before  stimulation  (both  vagi  cut) 
During  stimulation  (both  vagi  cut) 

The  accommodation  of  the  organism  to  an  increased  demand  for 
blood  on  the  part  of  the  active  muscles  in  exercise,  brought  about  by 
a  decrease  in  the  capacity  of  the  splanchnic  reservoir,  may  well,  there- 
fore, be  a  factor  in  the  rise  of  venous  pressure  observed  during  muscular 
exercise.  This  accommodation  would  be  aided  further  by  the  expres- 
sion of  venous  blood  by  muscular  contraction.  This  factor  may  be 
regarded  as  of  considerable  importance  from  a  teleological  point  of 
view. 

An  acceleration  of  the  heart  rate  resulting  in  a  decreased  output.  —  Exer- 
cise causes  a  marked  increase  in  the  heart  rate.  Skiagraphs  taken 
during  exercise  show  a  remarkable  decrease  of  cardiac  volume. ^^  It 
is  not  quite  clear  whether  the  whole  heart  or  only  the  ventricles  are 
involved  in  this  change.  A  record  pubhshed  by  Dale,  Laidlaw,  and 
Symons  ^^  would  indicate  that  the  effect  is  chiefly,  if  not  wholly,  on 
the  ventricles.  The  record  obtained  by  a  double  plethysmograph  of 
a  cat's  heart  shows  that  when  the  heart  rate  is  increased  by  stimula- 
tion of  accelerator  fibres  there  is  a  decrease  of  ventricular  and  an 
increase  of  auricular  volume.  It  is  improbable  that  in  this  experiment 
the  increase  of  auricular  volume  was  wholly  due  to  the  stimulation. 
It  is  much  more  likely  that  the  ventricular  change  resulted  in  a  damming 
back  of  blood  into  the  auricles  which  caused  a  dilatation  of  the  latter 
chambers.  If  this  is  true,  the  effect  should  be  evident  in  a  rise  of  venous 
pressure.  An  attempt  to  test  such  an  explanation  has  been  made  by 
accelerating  the  heart  rate  in  a  dog  by  cutting  the  vagi.  In  two  ani- 
mals thus  examined  there  was  a  rise  of  venous  pressure  amounting 
to  I  cm.  of  water.  In  both  cases  the  arterial  pressure  remained  above 
the  control  obtained  before  section  of  the  vagi,  which  fact  excludes  the 

*^  Arterial  pressure  in  millimetres  of  mercury. 

*'  Venous  pressure  in  centimetres  of  magnesium  sulphate.     (The  values  are 
relative  only.) 
1^  Heart  slowed. 

^*  Dietlen:   Ergebnisse  der  Physiologie,  1910,  x,  p.  598. 
1^  Dale,  Laklaw,  and  Symons:  Journal  of  physiology,  1910,  xli,  p.  i. 
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possibility  of  the  rise  in  venous  pressure  being  due  to  a  loss  of  arterial 
tone.  It  therefore  seems  probable  that  acceleration  of  the  heart  rate 
with  a  resultant  decreased  unit  output,  is  one  factor  in  the  rise  of 
venous  pressure  which  accompanies  muscular  exercise.  If  this  change 
in  cardiac  function  is  accompanied  by  an  actual  decrease  in  the  capacity 
of  the  total  arterial  stream  bed  converging  all  the  circulatory  aids  to 
the  active  tissues,  we  might  well  expect  a  still  greater  rise  of  venous 
pressure. 

The  experimental  evidence  brought  forward  in  this  paper  is  insuf- 
ficient to  determine  what  factor  or  factors  are  to  be  considered  pre- 
dominant. It  is  clear,  however,  that  the  heart  must  be  able  to  function 
under  considerable  variations  of  venous  pressure.  It  is  of  interest  to 
note  that  the  subjects  who  exhibited  the  greatest  rise  of  venous  pressure 
were  those  in  poor  physical  condition  from  an  athletic  point  of  \iew. 
Whether  this  suggestion  has  any  bearing  on  the  question  of  athletic 
over-strain  is  impossible  to  state.  Lowsley  ^''  has  observed  a  post- 
exercise  depression  in  arterial  pressure  after  muscular  exertion.  If 
the  exertion  is  excessive,  this  sub-normal  depression  of  the  arterial 
pressure  may  be  very  prolonged,  lasting  in  some  instances  as  much 
as  four  hours.  It  is  suggested  in  Lowsley's  paper  that  the  duration 
of  this  post-exercise  fall  in  arterial  pressure  may  serve  as  a  criterion 
as  to  whether  the  subject  is  fit  to  indulge  in  a  special  form  of  exercise. 
From  the  observations  of  venous  pressure  here  reported,  and  from  the 
results  of  Lowsley  and  others,  it  is  apparent  that  the  heart  muscle 
during  violent  and  protracted  muscular  exertion,  must  suffer  strain 
both  in  lifting  the  excessive  load  expressed  by  the  rise  of  arterial  pres- 
sure, and  in  resisting  the  unusual  venous  congestion  indicated  by  the 
rise  of  venous  pressure.  The  cardiac  depression  and  failure  may  be 
due  to  one  or  both  of  these  conditions.  It  is  perhaps  more  probable 
that  acute  cardiac  dilatation  is  brought  about  by  venous  congestion 
which  interferes  with  auricular  contraction,  and  so  impedes  the  trans- 
mission of  the  wave  of  contraction  to  the  ventricle.  This  probability 
is  strengthened  by  analogous  clinical  cases  in  which  the  cardiac  func- 
tion is  restored  by  phlebotomy. 

The  protocols  of  the  experiments  indicate  that  there  may  be  some 
association  between  the  rise  of  venous  pressure  and  the  respiratory 
activity.    These  effects  appear  to  be  transient  and  suggest,  therefore, 

"  Lowsley:  Loc.  cit. 
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the  explanation  that  they  are  due  to  passing  changes  in  the  aspiratory 
action  of  the  thorax,  which  has  no  direct  bearing  on  the  venous  pressure. 


Summary. 

The  probable  sequence  of  events  leading  to  the  rise  of  venous  blood 
pressure  during  muscular  exercise  may  be  briefly  stated  as  follows: 

At  the  outset  there  is  a  local  vascular  dilatation  in  the  active  muscles 
coincident  with  an  expression  of  blood  from  the  veins.  This  results 
in  a  prompt  rise  of  venous  pressure.  The  consequent  transitory  fall  of 
arterial  pressure  (frequently  observed  in  animals)  or  an  elevation  of 
the  temperature  of  the  venous  blood  ^^  is  followed  by  an  accelerated 
heat  rate  which  may,  under  certain  circumstances,  interfere  with  the 
effectiveness  of  the  heart,  and  help  to  cause  a  stasis  of  blood  in  the 
great  veins.  Finally,  a  compensatory  vaso-constriction  occurs  in  the 
great  splanchnic  area,  including  the  portal  vein  which  shunts  the  blood 
to  the  active  muscles.  There  is,  as  a  consequence,  a  venous  plethora 
which  expresses  itself  as  a  rise  of  venous  pressure  which  continues 
throughout  the  period  of  activity. 


Note  on  the  Negative  Pressure  in  the  Veins  of  the  Foot. 

The  venous  pressure  upon  the  dorsum  of  the  foot  with  the  body  in 
a  vertical  position  is,  as  von  Recklinghausen  ^^  showed,  always  nega- 
tive. This  means  that  the  driving  force  of  the  arterial  stream  is  in- 
sufficient to  raise  the  venous  column  to  the  heart  level.  Consequently, 
the  circulatory  mechanism  would  appear  to  be  dependent  upon  the 
cooperation  of  the  voluntary  muscles  of  the  legs,  together  with  the 
pump-like  action  of  the  joints  upon  the  neighboring  veins.  This  may 
account,  as  von  Recklinghausen  suggests,  for  the  discomfort  of  standing 
still  for  any  length  of  time.  If,  however,  the  subject  remains  in  the 
upright  position  with  as  Httle  activity  as  possible  of  the  limb  under 
observation,  the  venous  pressure  of  the  foot  will  be  found  to  rise  slowly 
from  a  negative  to  almost  a  positive  value.  Thus,  we  have  observed 
under  such  conditions  a  rise  of  from  —21  cm.  to  —i  cm.    If,  instead 

^8  Mansfield:  Archiv  fiir  die  gesammte  Physiologie,  1910,  cxxxiv,  p.  598. 
"  VON  Recklinghausen:  Loc.  cii. 
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of  standing,  the  subject  reclines  in  a  steamer  chair,  the  pressure  in 
the  foot  may  reach  a  positive  value.  In  one  experiment  the  pressure 
rose  from  —4  to  +  11  cm.  This  is,  however,  an  unusually  marked 
rise.  Flexing  of  the  knee  and  thigh  in  the  reclining  and  standing  posi- 
tions always  results  in  a  considerable  fall  in  pressure,  while  voluntary 
contraction  of  the  muscles  without  movement  of  the  limb  results  in 
a  slighter  fall.  Deep  respirations  also  cause  it  to  fall,  and  suspended 
respiration  for  ten  seconds  is  accompanied  by  a  rise  of  as  much  as 
15  cm. 

In  all  of  these  observations  comparative  readings  showed  the  pres- 
sure of  the  hand  to  be  10  cm.  or  more  above  that  of  the  foot.  It  was 
evident  that  voluntary  exclusion  of  muscular  activity  in  the  leg  tended 
to  permit  the  pressure  of  the  foot  to  approach  that  of  the  hand,  but  in 
no  case  was  the  approach  at  all  close.  If  muscular  movement  com- 
presses and  so  tends  to  empty  the  veins,  thus  causing  the  negative 
venous  pressure  in  the  foot,  complete  exclusion  of  such  movement 
ought  to  result  in  the  pressure  of  the  hand  and  foot  becoming  equal. 
We  were  able  to  study  this  in  the  hospital  and  operating  room.  In 
one  case  of  partial  paralysis  due  to  a  tubercular  lesion  of  the  lumbar 
cord,  the  pressure  on  the  hand  was  found  to  be  +  2,  and  on  the  foot 
—  2,  a  difference  of  only  4  cmi.  In  a  case  of  complete  paralysis,  due  to 
a  gumma  in  the  lumbar  region,  the  pressure  on  the  hand  was  +  8  and 
on  the  foot  +7.  In  a  case  under  light  morphia-nitrous  oxide  anaes- 
thesia, the  pressure  on  the  foot  was  —6.5  before  the  administration  of 
nitrous  oxide.  Under  the  anaesthetic  for  about  half  an  hour  it  varied 
from  —9  to  -f  II,  the  variation  being  due  undoubtedly  to  alterations 
in  the  depth  of  the  anaesthesia  and  the  consequent  muscular  tone. 
Readings  taken  as  close  together  as  possible  when  the  patient  appeared 
well  relaxed  and  breathing  easily  gave  for  the  hand  +  7  and  for  the 
foot  +  10.  In  a  case  of  deep  morphia-ether  anaesthesia  the  pressure 
rose  from  a  control  value  of  —7  to  -|-  5.  A  comparative  reading  of 
the  pressure  on  the  hand  at  this  time  also  gave  -f  5. 


DISSOCIATION  OF  INHIBITORY  NERVE  IMPULSES  FROM 
NORMAL  CONDUCTION  IN  THE  HEART  BY  MEANS 
OF    COMPRESSION. 

By  WALTER  E.  GARREY. 

[From  the  Physiological  Department  of  Washington  University,  St.  Louis.] 

THE  question  of  the  nature  of  the  substances  which  conduct 
normal  impulses  in  the  heart,  whether  conduction  is  myo-dromic 
or  neuro-dromic,  is  still  undecided,  and  the  mode  and  site  of  action  of 
the  vagus  nerve  are  still  in  doubt.  I  therefore  present  the  following 
simple  experiments  in  the  hope  that  they  may  tend  toward  the  eluci- 
dation of  these  issues. 

The  heart  of  the  turtle  was  used.  The  method  employed  in  the  exper- 
iments is  to  compress  the  heart  tissue  between  the  sinus  and  the  auri- 
cle, and,  since  such  compression  not  only  involves  the  conducting  sub- 
stances of  the  heart  but  also  the  inhibitory  fibres  from  the  vagus  in 
their  course  to  the  auricle,  it  was  my  behef  that  dissimilar  effects 
would  be  produced  upon  these  tissues,  respectively.  This  method  of 
experimenting  should  and  does  give  us  direct  evidence  bearing  on 
the  question  whether  or  not  conduction  in  the  heart  is  due  to  nerve 
fibres  (neuro-dromic),  the  experiments  at  least  showing  that  the  con- 
ducting substance  behaves  toward  compression  in  a  manner  which 
quantitatively  dift'ers  from  the  behavior  of  the  intracardiac  vagus 
fibres. 

The  experiments  have  been  grouped,  for  convenience  of  treatment, 
into  three  groups.  Each  group  is  designed  to  show  in  a  different  way 
the  persistence  of  vagus  effects  upon  the  auricle  after  the  production 
of  complete  sino-auricular  block.  The  general  method  employed  has 
been  to  take  tracings  by  levers  attached  to  the  great  veins  or  sinus 
and  to  one  of  the  auricular  appendices  after  the  heart  has  been  freed 
from  its  attachments  except  at  the  base.  The  coronary  nerve  and  vein 
are  cut  in  all  of  the  experiments,  and  a  clamp,  which  is  of  the  modified 
Gaskell  type,  is  applied,  and  compression  produced  sufficient  to  com- 
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pletely  block  all  impulses  passing  from  the  sinus  to  the  auricle.  From 
this  point  on  the  procedure  varies  in  the  three  types  of  experiments 
which  have  been  performed. 

I.  After  clamping,  time  is  permitted  for  the  auricles  to  initiate  a 
rhythm  of  their  own.  This  may  be  facihtated  by  the  appHcation  of  a 
few  drops  of   m/S  sodium  chloride  solution.      When  the    auricular 
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rhythm  is  fully  developed,  a  minimal  strength  faradization  is  applied 
to  one  of  the  vagus  nerves,  whereupon  we  see  a  t^'pical  vagus  effect  upon 
auricular  contractions;  viz.,  a  gradual  weakening  in  the  strength  of  the 
contraction  followed,  subsequent  to  the  cessation  of  vagus  stimulation, 
by  gradual  return  of  normal  strength  of  contraction  of  the  auricles. 
If  strong  stimulation  of  the  vagus  nerve  is  resorted  to,  the  decrease  in 
the  strength  of  contraction  of  the  auricles  is  quite  sudden,  and  these 
contractions  may  cease  entirely,  the  whole  heart  becoming  quiescent. 
These  results  are  graphically  illustrated  in  Figs,  i  and  2. 

In  Fig.  I  the  clamp  had  been  gradually  tightened  at  the  sino- 
auricular  groove,  producing  all  the  intermediate  stages  up  to  complete 
block.  The  tracings  are  taken  from  the  sinus  venosus  and  right  auricle, 
which  are  beating  in  independent  rhythms,  as  is  shown  by  the  study  of 
the  time  relations  indicated  by  the  lines  i,  2,  3,  4,  5,  corresponding  to 
the  time  of  auricular  beats.  The  tracing  shows  that,  in  spite  of  the  com- 
plete block  produced  by  the  clamp  (a  block  which  was  permanent  in 
this  case),  the  vagus  can  still  carry  impulses  through  the  clamped  area 
to  the  auricles.  The  left  vagus  was  chosen  in  this  case,  owing  to  its 
relatively  slight  effect  upon  the  sinus,  and  a  strength  of  faradization 
chosen  which  produced  its  only  apparent  effect  upon  the  height  of 
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contraction  of  the  auricle,  the  rate  remaining  unaffected.  The  evi- 
dence of  a  vagus  effect  passing  through  the  clamped  area  is  seen  in  the 
decrease  in  height  of  the  contraction  of  the  right  auricle,  amounting 
in  this  case,  to  about  40  per  cent.  Owing  to  a  preponderant  homo- 
lateral innervation  of  the  heart  by  the  vagus,  had  the  contractions  of 
the  left  auricle  been  recorded  there  would  have  been  shown  a  still  more 
pronounced  decrease  in  height  of  contraction.  The  gradual  fall  in 
height  with  gradual  recovery  is  typical  of  vagus  action  on  the  auricles, 
as  was  shown  by  the  work  of  Gaskell.^ 
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Figure  2. 


In  the  experiment  represented  in  Fig.  2  the  clamp  was  so  applied 
that  a  small  portion  of  the  sinus  was  included  on  the  auricular  side 
of  the  clamp,  which  accounts  for  the  comparatively  rapid  rate  of  the 
auricle.  The  clamp  was  tightened  to  a  point  producing  a  complete 
inter-sinus  block.  The  clamp  was  then  removed  and  the  preparation 
allowed  to  stand  twenty  hours  before  this  tracing  was  obtained.  It  is 
evident  from  the  first  part  of  the  tracing  that  as  a  result  of  the  crush- 
ing there  exists  a  complete  dissociation  of  rhythm  in  the  portions 
separated  by  the  clamped  region,  and  the  long  interval  between  the 
operation  and  the  time  when  the  tracing  was  taken  is  a  sufficient  evi- 
dence of  complete  destruction  of  the  conducting  tissue.  Nevertheless 
the  vagus  effects  are  distinctly  noticeable  on  the  auricular  tracing, 
persisting  for  a  short  time  and  disappearing  largely  at  the  contraction 
marked  X.  Compression  therefore  is  far  less  injurious  to  nerve  fibres 
than  to  the  normal  conducting  substance  of  the  heart. 

2.  As  is  well  known,  from  the  results  of  the  Stannius  ligature,  the 
spontaneous  rhythmic  contraction  of  the  auricles  is  uncertain,  and 
may  require  a  long  wait,  but  in  this  group  of  experiments  I  have  re- 

'  Gaskell:  Journal  of  physiology,  iv,  p.  43.  The  question  of  the  homolateral 
innervation  of  the  turtle's  heart  by  the  vagus  has  been  under  investigation  by 
the  author,  and  the  results  will  appear  later. 
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sorted  to  artificial  methods  of  producing  regular  contractions  of  the 
auricles.  By  means  of  Engelmann's  ''Pinzetten"  single  induction 
shocks  were  applied  to  the  apex  of  the  ventricle,  the  regular  intervals 
being  obtained  by  interruptions  from  the  Bowditch  clock,  or  the  ven- 
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FlGURE  3. 


tricles  were  stimulated  mechanically  by  the  point  of  a  needle.  By  these 
means  reversal  of  the  normal  direction  of  cardiac  contraction  results, 
the  induced  rhythm  being  a  ventriculo-auricular  one.  This  method, 
therefore,  gives  a  physiological  stimulation  of  the  auricles  and  avoids 
the  stimulation  of  the  inhibitory  mechanism,  which  would  result  from 


Figure  4. 


a  direct  stimulation  of  the  auricles  themselves.  The  arrangement  of 
the  sino-auricular  clamp  permits  us,  however,  to  obtain  results  from 
stimulation  of  the  vagi.  These  results  are  in  every  sense  identical  with 
those  obtained  in  experiments  in  which  the  auricles  initiate  their  own 
rhythm.  The  tracings  shown  in  Figs.  3  and  4  show  these  results 
conclusively. 

In  Fig.  3  the  tracings  are  taken  from  the  right  post-caval  vein  and 
from  the  left  auricle;  the  clamp  was  tightened  to  complete  sino- 
auricular  block  and  left  in  place  so  that  throughout  the  experiment  all 
tissues  were  being  subjected  to  the  compression.  The  left  vagus  was 
stimulated  as  indicated,  with  the  secondary  coil  of  the  Harvard  in- 
ductorium  removed  to  a  distance  of  8  cm.    Owing  to  unilateral  inner- 
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Figure  5. 


vation  the  right  caval  veins  continue  to  beat.  The  beat  of  the  auricle 
is  produced  by  induction  shocks  thrown  into  the  ventricle  every  five 
seconds,  as  described  above.  When  the  vagus  is  stimulated  by  fara- 
dization, a  sharp  fall  in  the  upper  auricular  portion  {A)  of  the  contrac- 
tion v-a  is  seen,  with  a  grad- 
ual recovery  after  cessation 
of  stimulation.  Another 
vagus  effect  is  shown  in  the 
right-hand  portion  of  the 
tracing,  viz.^  a  ventriculo- 
auricular  block  with  the 
production  of  a  rhythm  in 

the  ratio  v/a  =  2/1.  Conductivity  or  excitability  of  the  auricles  or 
both  attributes  are  therefore  affected  in  the  same  manner  as  the 
height  of  auricular  contractions  by  the  vagus  impulses  which  pass 
through  the  compressed  area. 

Fig.  4  is  a  continuation  of  the  tracing  in  Fig.  3.    The  first  portion 
{A-B)  of  the  tracing  shows  the  efficiency  of  the  sino-auricular  block. 

, 1 At  B  the  ventricle  is  again 

stimulated,  and  it  is  to  be 
noted  that  in  the  interval 
the  v-a  block  produced  by 
the  previous  vagus  stimu- 
lation has  disappeared.  The 
left  vagus  is  now  stimulated 
again,  but  with  stronger 
interrupted  shocks  (secondary  coil  at  6  cm.) ;  the  effect  is  immediate, 
the  v-a  block  returns,  and  the  height  of  the  auricular  contractions  is 
noted  to  be  decreased.  With  this  stronger  vagus  stimulation  the  ef- 
fects upon  the  auricle  are  much  more  persistent  than  with  weaker 
stimulation,  but  gradually  disappear.  This  recovery  from  the  effects 
of  vagus  stimulation  is  shown  in  Fig.  5 ;  the  tracings  A  and  B  being 
taken  after  three  and  seven  minute  intervals  respectively.  In  the 
former  (yl)  the  rhythm  has  become  v/a  =  2/1,  in  the  latter  {B)  the 
v-a  block  has  disappeared.  The  complete  s-a  block,  due  to  the  clamp, 
is  also  shown  in  the  first  portion  of  B. 

The  persistent  vagus  effects  after  compression  by  the  clamp  between 
the  sinus  and  auricles  may  also  be  seen  in  Fig.  6.    In  this  case  after 
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production  of  complete  s-a  block  the  auricles  were  made  to  contract 
by  mechanically  pricking  the  ventricle.  The  stimulation  is  not  per- 
fectly regular,  but  the  fall  in  height  of  the  auricular  portion  of  the  re- 
corded contraction  is  decidedly  marked  —  from  8  or  lo  mm.  to  2  mm. 
The  ventricular  portion  of  the  contraction  is  affected  only  by  the  stimu- 
lation intervals. 

3.    In  the  two  t}-pes  of  experiments  just  mentioned  the  criterion  of 
vagus  action  has  been  the  height  of  auricular  contraction.    The  ques- 
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Figure  7 


tion  whether  conductivity  and  excitability  decrease  also  as  a  result  of 
those  vagus  impulses  which  pass  through  the  compressed  area  has 
already  been  mentioned  in  the  description  of  Figs.  3  and  4,  but  can 
be  much  more  strikingly  shown  in  the  following  way.  After  the  first 
clamp  has  been  placed  between  sinus  and  auricles,  as  described  above, 
and  sufficiently  tightened  to  produce  quiescence  of  the  auricles  and 
ventricle,  a  second  clamp  is  placed  at  the  ventriculo-auricular  junction. 
The  amount  of  compression  is  graded  to  a  point  almost,  but  not  quite, 
sufficient  to  produce  the  first  stages  of  block,  then  the  ventricle  is 
rhythmically  stimulated  in  the  method  described  in  the  last  section. 
Now,  while  rhythmically  stimulating  the  apex  of  the  ventricle,  either, 
vagus  nerve  is  stimulated  with  weak  faratic  shocks.  The  result  is 
direct  and  immediate,  partial  or  complete  ventriculo-auricular  block  is 
produced.  The  degree  of  block  depends  upon  the  strength  of  the  vagus 
stimulation  and  continues  for  some  time  after  interruption  of  the  stimu- 
lation of  the  vagus  nerve. 

In  Fig.  7  the  result  of  this  procedure  is  illustrated.     With  a  very 
weak  stimulation  of  the  right  vagus,  following  a  fall  in  tonus,  there  is 
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a  sudden  and  complete  blocking  of  all  impulses  which  are  passing 
through  the  ventriculo-auricular  clamped  region.  The  small  tracing 
at  s  is  taken  from  the  sinus,  and  in  time  relations  corresponds  accurately 
with  its  position  relative  to  the  auricular  tracing.  It  was  transposed 
to  show  the  complete  s-a  block  and  to  give  a  correct  idea  of  the  cardiac 
rate.  In  this  experiment  both  clamps  remained  in  situ  and  the  com- 
pression was  not  reheved  while  the  experiment  was  in  progress. 

Fig.  8  represents  the  same  type  of  experiment  as  shown  in  Fig.  7, 
except  that  the  ventriculo-auricular  clamp  was  removed  after  com- 
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pressing  to  the  proper  point;  thus  the  tracing  shows  the  ventricular 
tug  as  well  as  the  auricular  contraction.  In  both  these  experiments 
the  ventricle  was  stimulated  every  five  seconds. 

It  is  not  the  purpose  of  this  paper  to  discuss  the  evidence  concerning 
the  much  mooted  question  of  the  relative  importance  of  muscular  or 
nervous  tissue  in  the  transmission  of  the  physiological  impulses  in  the 
heart;  the  topic  is  familiar  to  every  physiologist.  It  is  my  desire  to 
present  these  experiments  simply  as  new  evidence  bearing  on  this 
issue.  The  evidence  is  certainly  direct  and  the  conclusions  perfectly 
obvious.  The  clamp,  which  in  all  of  the  experiments  is  placed  between 
the  sinus  and  the  auricle,  compresses  equally  all  types  of  conducting 
tissue,  and  it  is  certainly  reasonable  to  assume  that  if  the  conduction 
can  proceed  along  the  vagus  nerves  when  they  are  stimulated,  it 
should  be  able  to  proceed  along  all  other  nerves  as  well.  Conversely, 
if  normal  physiological  conduction  from  sinus  to  auricle  proceeds 
along  nervous  paths,  the  blocking  of  these  paths  should,  at  the  same 
time,  block  other  nervous  paths,  including  all  vagus  fibres  which  pass 
to  the  auricle  through  the  clamped  area,  and  through  this  area  only. 
The  experiments  considered  above  show  conclusively  that  this  is  not 
the  case,  and  therefore  speak  directly  against  the  view  that  physio- 
logical impulses  pass  from  sinus  to  auricle  by  nerve  paths.    Of  course 
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it  may  be  assumed  that  the  normal  conducting  tissue  may  be  nervous 
in  nature,  but  that  these  nerve  fibres  may  comport  themselves  differently 
to  compression  than  do  the  inhibitory  fibres,  either  as  a  result  of  a 
different  constitution  or  different  anatomical  structure  and  arrange- 
ment. This  assumption,  however,  is  gratuitous  and  must  be  put  to 
the  experimental  test  before  being  seriously  considered.  The  experi- 
ments, as  conducted  above,  show  conclusively  that  a  degree  of  com- 
pression sufficient  to  establish  a  complete  sino-auricular  block  does  not 
interfere  in  any  way  with  the  passage  of  vagus  impulses ;  they  further- 
more demonstrate  that  the  degree  of  compression  can  be  increased 
sufficiently  to  completely  destroy  the  normal  conducting  substances 
with  the  consequent  production  of  permanent  and  irreparable  sino- 
auricular  block  without  producing  a  destruction  of  conductivity  in 
the  vagus  fibres  subjected  to  the  same  compression.  There  is,  therefore, 
a  marked  difference  in  the  behavior  between  compression  of  vagus  nerve 
fibres  and  normal  conducting  substances  in  the  heart.  This  fact  takes 
on  added  significance  in  view  of  the  recent  experiments  of  Meek  and 
Leaper,-  who  have  shown  that  the  degree  of  compression  required  to 
block  the  passage  of  impulses  in  nerve  fibres  and  in  skeletal  muscle 
fibres  is  not  markedly  different.  It  seems  probable,  then,  that  conduc- 
tion in  the  heart  must  involve  a  tissue  much  more  sensitive  to  compres- 
sion than  ordinary  motor  nerves  or  skeletal  muscles,  or  some  sensitive 
mechanism  of  which  we  are  not  yet  cognizant. 

2  Meek  and  Leaper:  This  journal,  191 1,  xxvii,  p.  308. 


THE  RELATION  OF  THE  SPLEEN  TO  THE  FIXATION 
OF  ANTIGENS  AND  THE  PRODUCTION  OF  IMMUNE 
BODIES.* 

By  ARNO  B.  LUCKHARDT  and  FRANK  C.   BECHT. 

[From  the  Hull  Physiological  Laboratory  of  the  University  of  Chicago.] 

I.  Introductory. 

A  S  soon  as  it  was  discovered  that  the  normal  physiological  activity 
of  an  animal  was  dependent  on  the  immune  bodies  contained  in 
its  body  fluids  which  protect  it  against  invasion  by  disease-bearing 
organisms,  investigators  sought  to  explain  the  mechanism  of  anti- 
body production.  As  a  result  we  have  to-day  the  well-known  theories 
of  immunity:  the  side  chain  theory  of  Ehrlich  and  the  phagocytic 
theory  of  Metchnikoff.  It  will  be  recalled  that  Ehrlich  formulated  a 
definite  method  according  to  which  antibodies  are  formed  in  the 
living  body  without  specifying  any  organ  or  tissue  as  particularly 
engaged  in  their  production,  whereas  Metchnikoff  ascribes  their  pro- 
duction to  the  direct  or  indirect  activity  of  the  phagocytes  (macro- 
phages and  microphages) . 

Of  all  the  tissues  of  the  body  the  blood  possesses  the  greatest  number 
of  polymorphonuclear  leucocytes  (microphages).  And  yet  Hektoen 
and  Carlson  ^  have  by  transfusion  experiments  advanced  direct  proof 
that  the  blood  takes  no  direct  part  in  the  fixation  of  antigen  (goat's 
or  rat's  corpuscles)  nor  in  the  production  of  immune  bodies  for  these 
corpuscles.  What  tissue  or  organ  fixes  antigen  from  three  to  forty- 
eight  hours  after  intravenous  injection? 

*  A  preliminary  report  of  this  work  was  made  before  the  American  Physio- 
logical Society  at  the  New  Haven  meeting  in  December,  igio;  and  a  brief  ab- 
stract of  the  work  published  in  the  "  Proceedings  "  of  that  meeting. 
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II.  Literature. 

Concerned  as  it  is  with  the  production  of  the  blood,  the  hemopoietic 
system  (spleen,  lymph  glands,  bone  marrow)  has  been  suspected  of 
also  elaborating  the  various  antibodies  found  in  the  blood.  The  ex- 
perimental evidence  which  has  been  obtained  by  some  investigators 
in  support  of  this  supposition  has  not  been  confirmed  by  others. 

1.  Splenectomy.  —  Bardach  ^  found  splenectomized  animals  much 
more  susceptible  to  the  fatal  influence  of  pathogenic  organisms  or 
their  endotoxins  than  normal  animals.  Von  Kurlow  ^  reported  that 
normal  animals  were  no  more  resistant  towards  pathogenic  bacteria 
than  asplenic  animals.  Blumreich  and  Jacoby,^  on  the  other  hand, 
found  that  splenectomized  animals  were  more  resistant  to  pathogenic 
bacteria  than  the  normal  control  animals. 

According  to  Kraus  and  Schiffmann  ^  splenectomy  had  no  influence 
on  the  production  of  precipitins  (horse  serum)  or  typhoid  agglu- 
tinins. In  a  number  of  cases  Deutsch  ^  found  that  splenectomy  ar- 
rested the  development  of  typhoid  agglutinins.  Jakuschewitch  "  re- 
ported that  the  serum  of  splenectomized  animals  had  a  greater  hem- 
olytic action  for  foreign  corpuscles  after  immunization  than  the  serum 
of  normal  animals  which  were  similarly  immunized.  Szokalski^  did  not 
find  that  splenectomy  exercised  a  retarding  influence  on  the  formation 
of  specific  hemolysins.  In  four  splenectomized  dogs  injected  with 
rat's  corpuscles  Hektoen  ^  reported  "a  lower  but  otherwise  typical 
antibody  curve  than  is  usually  the  case  under  otherwise  comparable 
conditions  "  (Harvey  lecture,  1909-1910). 

2.  The  antibody  content  of  the  spleen  was  studied  at  various  periods 
after  immunization  and  compared  with  the  antibody  content  of  the 
serum  and  other  organs  of  the  same  animal.  A.  Wassermann,^°  Pfeiffer 
and  Marx,^^  van  Emden,^^  Jatta,^^  M.  Wassermann/'*  and  Cantacuzene^^ 
discovered  specific  antibodies  in  the  spleen,  bone  marrow,  and  lymph 
glands  some  days  before  they  appeared  in  the  blood  of  the  animal  and 
concluded  that  these  tissues  elaborated  them.  Rath,^^  Fodor  and 
Rigler,^'  and  Deutsch  ^  denied  that  extracts  of  spleen  or  other  organs 
possessed  a  higher  titre  (typhoid  agglutinins)  than  the  serum. 

3.  Injury  of  the  hemopoietic  organs  by  various  methods  was  practised 
by  some  in  a  study  of  this  problem.     Benjamin  and  Sluka  ^^  report 
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that  exposure  of  rabbits  to  the  X-rays,  which  are  known  to  have  a 
deleterious  influence  on  the  blood-forming  organs,  greatly  checked 
or  entirely  prevented  the  formation  of  precipitins.^^  Brezina  injected 
into  animals  cytotoxic  sera  for  spleen,  bone  marrow,  and  lymph 
glands,  and  found  that  such  animals  did  not  develop  antibodies  for 
b.  coli  in  as  great  a  concentration  as  his  control  animals. 

4.  Acute  hemorrhage,  which  stimulates  the  blood-forming  organs 
to  marked  activity,  has  been  known  for  some  time  to  cause  a  consid- 
erable increase  in  the  formation  of  antibodies.^"  This  fact  has  more 
recently  been  confirmed  by  Dreyer  and  Walker  ^^  and  Hektoen  and 
Carlson.^ 

5.  On  histological  grounds  we  have  the  observations  of  Canta- 
cuzene^^and  Freymuth.-^  The  former  finds  an  enormous  overproduc- 
tion of  mononuclear  leucocytes  in  the  lymph  glands,  spleen,  and  bone 
marrow  after  the  injection  of  horse  serum ;  the  latter  reported  evidence 
of  increased  cellular  acti\dty  in  the  bone  marrow  and  spleen  on  the 
second  and  third  day  after  immunization  with  h.  typhosus. 


III.   Methods. 

Assuming  with  Ehrhch  that  the  organs  which  fix  antigen  are  also 
intimately  concerned  with  the  production  of  the  specific  immune 
bodies  for  these  antigens  and  knowing  that  the  antigens  (goat  and 
rat  corpuscles)  are  removed  from  the  blood  from  three  to  forty-eight 
hours  after  intravenous  injection,  successful  transplantation  of  the 
spleen  from  one  dog  immunized  twenty-four  hours  previously  with  an 
intravenous  injection  of  antigen  into  a  normal  dog  ought  to  be  fol- 
lowed by  the  appearance  of  specific  antibodies  in  the  blood  of  the 
latter  providing  the  spleen  played  any  part  in  the  fixation  of  antigen 
and  production  of  the  immune  substances.  On  account  of  the  technical 
difficulties  involved  this  direct  method  of  attacking  the  problem  was 
abandoned,  though  the  operation  has  been  successfully  performed  by 
Dr.  Carrel.24 

Operative.  —  The  problem  was,  therefore,  attacked  indirectly  by 
the  use  of  the  following  methods: 

I.  Intraperitoneal  injection  of  ^Hmmune'^  spleen.^  The  spleens  of 
dogs  immunized  by  a  single  injection  of  antigen  were  removed  asep- 
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tically  and  ground  up  by  a  sterile  meat  grinder.  The  pulpy  mass  was 
suspended  in  warm  physiological  salt  solution  and  quickly  introduced 
into  the  peritoneal  cavity  of  a  normal  dog.  Dogs  into  whose  peritoneal 
cavities  we  introduced  spleen  pulp  from  normal  animals  served  as  con- 
trols. The  dogs  were  bled  at  various  intervals  for  about  three  weeks. 
The  sera  were  preserved  and  tested  under  the  same  conditions  and  on 
the  same  suspension  of  antigen  at  the  end  of  that  period. 

The  following  considerations  fonn  the  basis  for  this  procedure.  If 
the  splenic  cells  fix  antigen,  either  or  both  of  two  things  may  happen 
when  the  "immune"  spleen  is  introduced  into  the  peritoneal  cavity 
of  a  normal  dog.  The  splenic  cells  may  escape  death  and  give  rise  to 
the  specific  antibodies  in  the  second  dog;  or  the  antigen  may  be  split 
off  on  the  death  of  the  splenic  cells  and  reaching  the  circulation  may 
again  attach  itself  to  suitable  receptor  and  thus  stimulate  the  pro- 
duction of  specific  antibodies. 

2.  Splenectomy.  —  If  the  spleen  takes  a  significant  part  in  the  pro- 
duction of  antibodies,  removal  of  that  organ  ought  to  markedly  influ- 
ence the  rate  and  the  extent  of  their  production.  In  other  words,  an 
animal  possessed  of  a  spleen  ought  to  produce  the  specific  antibodies 
more  quickly  and  in  greater  ultimate  concentration.  In  all  previous 
work,  with  exception  of  the  few  experiments  reported  by  Hektoen,^ 
these  two  points  did  not  receive  the  consideration  which  they  deserve 
in  studying  this  problem. 

Dogs  were  used  in  all  experiments.  Following  splenectomy  various 
time  intervals  were  allowed  for  recovery  from  the  effects  of  the  opera- 
tion before  actively  immunizing  them  with  a  single  intravenous  in- 
jection of  goat's  or  rat's  corpuscles;  for  it  was  thought  that  the 
longer  the  time  allowed  for  recovery  the  greater  the  possibility  of 
other  organs  vicariously  taking  up  the  function  of  the  removed  spleen. 
For  each  splenectomized  animal  we  provided  on  the  same  day  a  control 
animal  having  the  same  age,  weight,  and  size,  and  in  order  to  make 
conditions  as  comparable  as  possible  performed  a  laparotomy  at  which 
occasion  the  spleen  was  temporarily  removed  from  the  abdominal 
cavity  and  replaced.  Under  these  experimental  conditions  the  differ- 
ences which  were  subsequently  noted  could  be  unqualifiedly  attrib- 
uted to  the  fact  that  one  animal  was  bereft  of  a  spleen;  since  both  had 
been  subjected  to  anesthesia  and  surgical  manipulations  and  had  syn- 
chronously recovered  from  the  debihtating  effects  of  an  operation 
under  identical  conditions. 
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Collection,  Preservation,  and  Testing  of  the  Sera.  —  After  immuniza- 
tion the  animals  were  bled  daily  for  the  first  nine  days  in  order  to 
study  exactly  the  progress  of  the  immunity.  In  order  to  get  as  com- 
plete an  immunity  curve  as  possible  they  were  also  bled  on  the  twelfth, 
sixteenth,  and  twenty-first  day.  The  various  blood  samples  were 
procured  by  inserting  a  ster-  Daya^ifter  "immunization." 
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lie  hypodermic  needle  into 

one  of  the  large  superficial  cm 

leg  veins.     Since    we  kept 

the  sera  three  weeks  before 

testing   them   on  the  same 

suspension    of    antigen,     it 

was    necessary    to    prevent 

marked     deterioration     by  ^  ^       tt      i    •     r         .,  i        x 

-'    Figure  1 .  — Hemolysins  for  goat  s  corpuscles.     An 

storing      them      in      a      cold       emulsified  "immune"  spleen  was  injected  intra- 

chamber    at    approximately       peritoneally  into  Dog  A;    a  normal  spleen  was 

o  p  similarly  introduced  into  Dog  B.    = 

On  the  day  of  testing  the 
goat  immune  sera  were  heated  to  49°  C.  for  thirty  minutes  to  prevent 
lysis  of  the  goat's  corpuscles  which  would  interfere  with  the  agglutinin 
and  opsonin  determinations.  To  determine  the  extent  of  lysis  the 
same  heated  serum  was  recomplemented  by  the  addition  of  the 
proper  amount  of  fresh  guinea  pig's  serum.^ 

IV.   Results. 

I.  Intraperitonealinjection  of  "  immune  "  spleen.  —  Figs.  I  and  2  show 
at  a  glance  the  results  obtained  by  this  method  of  experimentation. 

Fig.  I.  Specific  hemolysins  for  goat's  corpuscles.  Dog  A  received 
intraperitoneally  the  emulsified  spleen  of  a  dog  immunized  twenty- 
four  hours  previously  with  an  intravenous  injection  of  i  c.c.  of  a  10 
per  cent  suspension  of  goat's  corpuscles  per  kilo  body  weight.  Dog  B 
received  intraperitoneally  an  emulsion  of  spleen  of  a  normal  animal. 

Fig.  2.  Specific  hemagglutinins  for  rat's  corpuscles.  In  this  ex- 
periment Dog  A  received  the  emulsified  ''immune"  spleen.  Dog  B 
received  intraperitoneally  ground  up  bone  marrow  from  the  same  dog 
which  furnished  the  "immune"  spleen. 

In  a  preliminary  report  of  this  work  -°  we  published  a  similar  result 
as  regards  the  formation  of  specific  agglutinins  for  goat's  corpuscles. 
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In  two  instances  we  used  a  bacterial  antigen  {b.  typhosus).  The 
experiments  were  performed  in  the  following  manner.  Three  days 
previous  to  splenectomy  Dog  A  received  a  large  subcutaneous  injec- 
tion of  h.  typhosus  killed  by  heating  for  half  an  hour  at  60°  C.    On  the 

Days  after  "Immunization."  foUrth    day    after    thC    lUjeC" 
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tion  the  spleen  was  removed 
aseptically,  emulsified,  and 
injected  into  the  peritoneal 
cavity  of  Dog  B .  Dog  C  re- 
ceived an  intraperitoneal  in- 
jection of  2o  c.c.  defibrinated 
r.  o       V    w  •     r        ,,  1       A     blood  of  Dog  A.     The  two 

riGURE  2. — Agglutinins  for   rats  corpuscles.    An  ° 

emulsified   "immune"   spleen  injected  intraperi-  dogS  were  bled  at  regular  m- 

toneally  into   Dog  A;    "immune"  bone  marrow  tervals.     In  one  experiment 

similarly  introduced  into  Dog  B.     =  ^^^    obtained    the    following 


Dog  A =  Dog  B. 


/- 


result: 

Days  after  "  Immunization.'" 

A 


I  3  69  12  21 

Dog  B 1/20         1/40         i/ioo       i/ioo       i/ioo       I  '50 

Dog  C 1/20        1/20        1/20        1/20        1/20        I  20 

A  second  experiment  similarly  performed  yielded  negative  results. 

The-  results  of  these  experiments  demonstrate  clearly  that  the 
spleen  fixes  antigen.  The  mechanism  of  subsequent  antibody  pro- 
duction whether  by  growth  of  living  splenic  cells  or  a  second  fixation 
of  antigen  liberated  by  the  dead  or  dying  splenic  cells  remains  an  open 
question. 

The  same  method  has  been  employed  with  "immune  "  lymph 
glands,  bone  marrow,  liver,  and  heart  muscle.  The  results  were  prac- 
tically negative.  In  one  experiment  the  introduction  of  "immune" 
lymph  glands  into  the  peritoneal  cavity  of  a  dog  was  followed  by  a 
slight  increase  in  the  lysins  for  goat  corpuscles.  The  result  of  an  in- 
traperitoneal introduction  of  "immune"  bone  marrow  is  recorded  in 
Fig.  2.  The  rise  noted  in  this  experiment  is  only  suggestive  of  possible 
results  which  might  follow  the  injection  of  a  greater  amount  of  "im- 
mune "  bone  marrow  than  we  could  procure  from  one  dog. 
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2.  Splenectomy.  —  As  above  stated,  we  resorted  to  the  method  of 
splenectomy  to  (a)  study  daily  the  rate  of  antibody  formation  and  (b) 
to  get  comparative  figures  on  the  ultimate  extent  of  immunization  in 
the  asplenic  and  normal 
animals.  In  addition,  we  ciin 
thought  that  the  longer  the 
time  interval  allowed  for 
recovery  from  the  splenec- 
tomy before  immunization 
the  less  would  be  the  differ- 
ence between  the  control 
and  splenectomized  ani- 
mals in  these  respects;  and 
that  immunization  effected 
immediately  after  removal 
of  the  spleen  would  be  fol- 
lowed by  a  slower  elabora- 
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Figure  3.  —  Curves  showing  difference  in  rate  of 
formation  of  lysins  from  goat's  corpuscle  and 
the  concentration  reached  between  a  splenecto- 
mized  and   a    control   dog =  Dog  7, 

splenectomized.     =  Dog  8,  control. 


tion  of  the  immune  bodies  than  if  time  were  given  the  organism  to 
adjust  itself  to  the  new  conditions  by  either  a  hyperplasia  or  an  in- 
creased activity  on  the  part  of  the  remaining  tissue  which  is  to  an 
extent  responsible  for  the  production  of  the  antibodies. 

It  would  be  both  useless  and  tedious  to  discuss  in  detail  the  results 
obtained  from  nineteen  splenectomized  and  control  dogs  which  were 
immunized  immediately  and  on  the  fifth,  eleventh,  fourteenth, 
sixteenth,  twenty-first  day,  and  three-quarters  of  a  year  after  sple- 
nectomy and  laparotomy.  Our  own  summary  which  follows  will  show 
at  a  glance  what  results  this  method  \aelded  with  regard  to  the  partic- 
ular points  under  investigation.  On  the  other  hand,  we  thought  it 
advisable  to  submit  the  following  tables  of  the  individual  experi- 
ments together  with  a  curve  which  shows  graphically  the  general 
nature  of  our  results. 

As  in  the  previous  charts  the  figures  represent  the  highest  dilution 
of  the  serum  in  which  the  specific  antibodies  could  be  detected.  E.  g., 
6  represents  a  dilution  of  i/6;    1536,  1/1536;   98304,  1/98304. 
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TABLE   I. 

Concentration  of  the  Specific  Hemolysins  in  the  Sera  of  8  Asplenic  and  7  Con 

Intervals  after 


Series. 

Dogs. 

Operation. 

Days 
between 

Norm. 

operation 
and  im- 

1 

0 

3 

munization. 

Lt 

'    1 

Splenectomy 

0 

1536 

2 

Laparotomy 

0 

1536 

I 

<      3 

Splenectomy 

0 

384 

4 

Laparotomy 

0 

384 

.    5 

Splenectomy 

0 

II 

7 
< 

Splenectomy 

5 

24 

24 

24 

48 

8 

Laparotomy 

5 

24 

24 

48 

768 

III 

9 

< 

Splenectomy 

11 

192 

192 

192 

192 

10 

Laparotomy 

11 

48 

48 

48 

384 

IV 

■  11 

< 

Splenectomy 

14 

96 

96 

12 

Laparotomy 

14 

48 

V 

'  13 
< 

Splenectomy 

16 

384 

768 

14 

Laparotomy 

16 

192 

192 

VII 

ri9 

-< 

Splenectomy 

275 

6 

20 

Laparotomy 

275 

6 
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TABLE  I. 

TROL  Dogs  (subjected  to  Laparatomy)  immunized  with  Goat's  Blood  at  various 
THE  Operation. 


Days  after  immunization. 

4 

5 

6 

7 

8 

9 

12 

16 

21 

1536 

1536 

3072 

3072 

3072 

1536 

6144 

6144 

49152 

3072 

6144 

6144 

24576 

49152 

49152 

3072 

6144 

6144 

384 

192 

192 

192 

1536 

1536 

3072 

1536 

3072 

1536 

24576 

12288 

98304 

12288 

24576 

12288 

1536 

1536 

12 

24 

768 

768 

1536 

.... 

.... 

.... 

48 

384 

1536 

3072 

6144 

12288 

12288 

3072 

12288 

49152 

98304 

98304 

98304 

98304 

49152 

98304 

192 

192 

384 

384 

768 

1536 

3072 

768 

6144 

98304 

98304 

98304 

98304 

98304 

98304 

24576 

48 

48 

96 

96 

.... 

384 

768 

768 

.  384 

24 

192 

768 

768 

768 

384 

.... 

.... 

384 

1536 

6144 

49152 

.... 

6144 

12288 

12288 

12288 

768 

49152 

98304 

49152 

98304 

4  152 

49152 

12288 

6144 

48 

384 

768 

3072 

1536 

.... 

3072 

1536 

.... 

384 

3072 

3072 

3^72 

6144 



3072 

1536 
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TABLE  II. 

Concentration  of 

Hemagglutinins  in  the  Sera  of  10  Splenectomized  axd  9  Con 

Splenectomy  or 

Days 

between 

Series. 

Dogs. 

Operation. 

operation 
and  im- 

Norm. 

munization. 

1 

2 

3 

f 

1 

Splenectomy 

0 

. . 

6 

2 

Laparotomy 

0 

6 

I^ 

3 

Splenectomy 

0 

6 

4 

Laparotomy 

0 

6 

v 

5 

Splenectomy 

0 

II  < 

7 

Splenectomy 

5 

6 

6 

6 

6 

8 

Laparotomy 

5 

6 

6 

24 

III^ 

9 

Splenectomy 

11 

3 

3 

3 

3 

10 

Laparotomy 

11 

3 

6 

6 

24 

A 

11 

Splenectomy 

14 

12 

6 

\ 

12 

Laparotomy 

14 

6 

6 

M* 

13 

Splenectomy 

16 

12 

6 

14 

Laparotomy 

16 

6 

12 

15 

Splenectomy 

21 

24 

24 

VI  ^ 

16 

Laparotomy 

21 

24 

24 

17 

Splenectomy 

21 

24 

24 

18 

Laparotomy 

21 

24 

48 

VII< 

19 

Splenectomy 

275 

6 

I 

20 

Laparotomy 

275 

24 
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TABLE   II. 

TROL  Dogs  immunized  with  Goat's  or  Rat's  Blood  at  various  Intervals  after 
Simple  Laparotomy. 


Da: 

>-s  after  immunization. 

4 

5 

6 

7 

8 

9 

12 

6 

21 

0 

0 

0 

6 

6 

6 

6 

6 

12 

12 

48 

96 

384 

192 

192 

192 

96 

96 

6 

12 

48 

48 

48 

96 

48 

24 

24 

24 

48 

96 

192 

192 

384 

384 

192 

96 

6 

fl 

12 

24 

48 

12 

12 

24 

48 

48 

48 

48 

48 

96 

38 

768 

1536 

1536 

1536 

768 

768 

6 

6 

12 

12 

96 

48 

48 

24 

96 

1536 

1536 

3072 

3072 

3072 

1536 

768 

0 

0 

6 

6 

24 

48 

48 

24 

12 

24 

48 

48 

48 

48 

12 

6 

24 

48 

96 

96 

48 

24 

12 

48 

192 

96 

192 

96 

96 

48 

12 

24 

48 

384 

384 

192 

24 

96 

192 

384 

1536 

1536 

768 

192 

48 

96 

96 

192 

192 

384 

192 

192 

384 

384 

384 

384 

768 

1536 

384 

384 

6 

12 

12 

12 

48 

96 

24 

24 

48 

96 

96 

96 

48 

48 
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TABLE  III. 

Concentration  of  Hemopsonins  in  the  Sera  of  10  Asplenic  and  9  Control 

Splenectomy  or 


Series. 


II 


III 


IV 


V 


VI 


VII 


Dogs. 


Operation. 


Splenectomy 
Laparotomy 
Splenectomy 
Laparotomy 
Splenectomy 
Splenectomy 
Laparotomy 
Splenectomy 
Laparotomy 
Splenectomy 
Laparotomy 
Splenectomy 
Laparotomy 
Splenectomy 
Laparotomy 
Splenectomy 
Laparotomy 
Splenectomy 
Laparotomy 


Days 
between 
operation 
and  im- 
munization. 


0 

0 

0 

0 

0 

5 

5 

11 

11 

14 

14 

16 

16 

21 

21 

21 

21 

275 

275 


Norm. 


3 

6 

6 

12 


3 
12 

6 
12 


3 
12 

6 
24 
0 

0 

0 

3 

12 

6 
12 
12 


24 

12 

6 

24 

3 

48 

12 

96 

0 

0 

0 

3 

12 

24 

12 

12 

6 

6 
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TABLE  III. 

Dogs    immunized    with    Goat's   or    Rat's    Blood    at   various  Intervals    after 
Laparotomy. 


Days  after 

immunization. 

4 

5 

6 

7 

8 

9 

12 

16 

21 

24 

24 

24 

48 

48 

24 

6 

48 

48 

12 

24 

24 

48 

48 

48 

24 

24 

48 

12 

12 

12 

24 

48 

24 

24 

24 

24 

24 

48 

48 

96 

192 

192 

96 

192 

6 

6 

6 

24 

24 

3 

6 

12 

24 

48 

48 

48 

48 

48 

48 

192 

384 

384 

96 

192 

12 

12 

12 

12 

24 

24 

48 

96 

96 

384 

384 

768 

384 

192 

192 

192 

0 

0 

0 

3 

6 

6 

6 

6 

0 

0 

3 

6 

6 

6 

6 

6 

12 

24 

24 

48 

24 

24 

6 

12 

24 

24 

24 

48 

48 

24 

12 

24 

48 

96 

96 

48 

48 

192 

192 

768 

768 

768 

384 

192 

12 

24 

24 

48 

192 

192 

96 

96 

24 

24 

48 

96 

192 

384 

192 

192 

6 

12 

24 

24 

24 

48 

24 

12 

24 

48 

48 

96 

48 

48 
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Days  after  "  Iiniminization." 
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Summary  of  results  obtained  by  splenectomy.  —  In  every  instance  the 
control  animals  developed  the  specific  antibodies  more  rapidly  and  in 
higher  concentration  than  did  the  corresponding  splenectomized  ani- 
mals.   We  have  plotted  composite  antibody  curA^es  of  all  the  asplenic 

and  control  animals  and 
for  ready  comparison  have 
transferred  them  to  the 
same  chart  so  that  the 
marked  difference  can  be 
seen  at  a  glance. 

Fig.  4  shows  the  com- 
posite curves  of  the  he- 
molysins. We  call  espe- 
cial attention  to  the 
following  two  points: 
I.   The  ultimate  concen- 


FiGURE  4.  —  Composite  hemolysin   curve   of  7  con- 
trol and  8  splenectomized  animals,  showing  marked 
difference  in  the  rate  of  formation  and  in  concen-   tration    of   the  hemolvsins 
tration  reached.     =  7    control     dogs. 


8  splenectomized  dogs. 


in  the  sera  of  the  control 
animals  (seven  dogs)  is 
much  higher  than  in  the  sera  of  the  splenectomized  animals  (eight 
dogs).  If  the  tables  are  consulted,  it  will  be  found  that  on  twenty- 
seven  days  the  serum  of  the  control  animals  laked  goat's  corpuscles 
ih  a  dilution  of  1/24,576  or  over.  On  fourteen  of  the  twenty-seven 
days  the  serum  of  these  animals  was  found  to  possess  lytic  action  in  a 
dilution  of  1/98,304  and  on  eight  days  was  found  active  in  a  dilution 
of  1/49,152.  Comparing  these  results  with  the  splenectomized  ani- 
mals, we  find  that  on  twelve  days  only  was  the  serum  active  in  a  dilu- 
tion of  1/6144  or  over.  From  the  figure  we  see  that  the  serum  of  the 
asplenic  animals  possessed  only  one-fourth  the  titre  of  the  controls 
at  the  height  of  immunity  (1/24,576  versus  1/6144). 

2.  The  rapidity  with  which  the  control  animals  produced  the  hemo- 
lysins is  very  striking  when  it  is  compared  with  the  rate  of  formation 
by  the  splenectomized  animals  which  normally  laked  in  a  higher  dilu- 
tion. In  one  instance  the  rise  is  distinctly  abrupt;  in  the  case  of  the 
splenectomized  dogs  the  rise  to  the  point  of  maximum  concentration  is 
more  drawn  out. 

Fig.  5  shows  the  same  general  results  as  regards  the  hemagglu- 
tinins.   The  more  abrupt  ascent  of  the  curve  of  the  control  animals 
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Figure  5.  —  Composite  hemagglutinin  curve  of  9 
control  and  10  asplenic  dogs,  showing  marked 
difference  in  the  rate  of  formation  of  antibodies 
and    in     the    ultimate     concentration    reached. 

=  9  control  dogs =   10 

asplenic  dogs. 


shows  how  much  more  rapidly  the  dogs  possessed  of  a  spleen  formed 

the  specific  agglutinins.    On  the  fifth  day  the  serum  of  the  control 

animals  caused  agglutination  in  a  dilution  of  1/96.    Four  days  later 

the  serum  of  the  splenecto- 

mized  dogs  was  found  active 

in  a  dilution  of   1/48.     On 

that  day  and  on  the  preced- 
ing day  the  serum   of   the 

control    animals    had    eight 

times  that  value. 

The  composite  curves  of 

the  hemopsonins  show   the 

same    relationship    between 

the   controls  and   the  sple- 

nectomized      animals.        A 

glance  at  Fig.  6  shows  how 

slowly  the  asplenic  animals 

formed  opsonins.    On  the  eighth  day  of  immunity  the  serum  of  the 

control  dogs  was  at  least  four  times  as  active  as  the  serum  of  the 

splenectomized  animals. 

In  many  of  the  individual  experiments  the  height  of  the  immuniza- 
tion was  reached  by  the  nor- 
mal dogs  several  days  earlier 
than  by  the  asplenic  dogs 
(see  Fig.  3.  Also  hemagglu- 
tinins of  Dogs  9  and  10,  and 
the  opsonins  of  Dogs  15  and 
16). 
These  results,  which  show 

Figure  6.  —  Composite  hemopsonin  curve  of  9  conclusively  that  normal 
control  and  10  asplenic  dogs,  showing  differences  animals  producC' specific  he- 
in  rate  of  formation  of  antibodies  and  in  ultimate  niolvsins         hemae'2'lutinins 

and  hemopsonins  more  rap- 
idly and  in  greater  concentra- 
tion than  the  corresponding  splenectomized  animals,  admit  of  but 
one  interpretation,  namely,  that  the  spleen  takes  a  very  active  part  in 
the  elaboration  of  these  particular  immune  bodies.  The  possibility 
that  normally  in  active  immunity  the  spleen  stimulates  the  antibody- 
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producing  organs  to  activity  by  means  of  some  internal  secretion 
or  hormone  does  not  merit  serious  consideration,  since  we  have 
shown  that  the  spleen  fixes  antigen. 

We  are  not,  however,  justified  in  attributing  to  the  spleen  the  same 
function  when  we  consider  bacterial  antigens  and  their  specific  anti- 
bodies. If  the  spleen  destroys  erythrocytes  in  the  normal  intact  ani- 
mal, we  could  have  reasoned  a  priori  that  it  would  also  destroy  those 
foreign  corpuscles  which  the  experimenter  chose  to  inject  into  the 
blood  stream.  But,  being  foreign  to  the  organism,  the  spleen  would 
react  towards  this  foreign  corpuscle  (corpuscular  antigen)  by  the 
overproduction  of  specific  destructive  agents  —  the  antibodies  in 
question.  The  evidence  presented  in  this  paper  supports  this  hypothe- 
sis. We  have,  however,  no  well-founded  reasons  for  supposing  that 
the  spleen  reacts  in  like  manner  towards  bacterial  antigen.  In  one 
experiment  we  could  demonstrate  that  the  spleen  fixed  bacterial  anti- 
gen {h.  typhosus).  In  another  instance,  however,  we  obtained  nega- 
tive results.^^ 

It  will  be  recalled  that  the  animals  were  immunized  at  various 
periods  after  splenectomy  and  laparotomy  to  determine  whether  in 
the  absence  of  the  spleen  other  tissues  or  organs  would  sooner  or  later 
take  up  the  function  of  that  organ.  We  have  no  evidence  on  this  point 
which  is  conclusive.  Our  methods  revealed  only  gross  differences  in  the 
rate  of  antibody  formation  and  extent  of  immunization.  Such  a  com- 
pensatory hyperactivity  on  the  part  of  other  organs  possibly  exists. 
In  one  instance  (Table  VII)  we  found  that  a  complete  compensation 
had  not  been  in  effect  three-quarters  of  a  year  after  splenectomy.  We 
are,  nevertheless,  inclined  to  believe  from  a  study  of  our  results  that 
other  organs  or  tissues  eventually  take  up  the  function  of  the  removed 
spleen.  A  great  number  of  experiments  with  only  a  slight  dift'erence 
in  strength  of  each  successive  dilution  of  the  serum  will  settle  this 
point. 

V.   Conclusions. 

I .  The  spleen  fixes  antigen.  —  When  an  optimum  dose  of  antigen 
(goat's  or  rat's  blood)  is  injected  intravenously  into  a  dog,  the  antigen 
is  partly  fixed  by  the  spleen;  for  if  the  spleen  of  the  dog  is  removed, 
emulsified,  and  introduced  into  the  peritoneal  cavity  of  a  normal  dog, 
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the  specific  immune  bodies  appear  in  the  serum  of  the  latter.  The 
introduction  of  normal  spleen  into  the  peritoneal  cavity  is  not  followed 
by  an  increase  of  the  antibodies  in  the  serum  of  the  recipient.  The 
introduction  of  "immune"  heart  muscle,  liver,  bone  marrow,  and 
lymph  glands  did  not  give  positive  results. 

2.  The  spleen  is  concerned,  directly  or  indirectly,  in  the  immune  bodies. 
—  Asplenic  dogs  no  not  produce  hemolysins,  hemagglutinins,  or 
hemopsonins  {a)  as  rapidly  nor  {b)  in  as  high  a  concentration  as  the 
corresponding  control  dogs. 
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ACAPNIA  AND   GLYCOSURIA. 

By  YANDELL  HENDERSON  and   FRANK  P.   UNDERHILL. 

[Prom  the  Physiological  Laboratory,  Yale  Medical  School,  and  the  Sheffield  Laboratory  of 
Physiological  Chemistry,  Yale  University,  New  Haven,  Connecticut.] 

I.  The  Point  of  View. 

A'^LYCOSURIA  is  induced  by  an  extraordinarily  large  number  of 
^^  widely  differing  conditions.  This  fact  indicates  that  it  is  the 
result  of  a  disturbance  of  a  complex  balance  involving  many  factors. 
With  the  exception  of  phloridzin  diabetes,  practically  all  forms  of 
glycosuria,  whether  experimental  or  clinical,  are  the  result  of  a  h>TDer- 
glycsemia.  The  excess  of  sugar  in  the  blood  is  in  turn,  not  a  funda- 
mental phenomenon,  but  the  expression  of  diminished  ability  on  the 
part  of  the  tissues  to  utilize  dextrose.  Thus  the  seat  of  the  complex 
equilibrium  is  in  the  cells,  not  the  fluids,  of  the  body. 

The  problem  of  the  normal  glycogenic  function  and  of  experimental 
diabetes  consists  in  determining  the  various  factors  in  this  equilibrium 
and  defining  their  relations.  The  problem  of  any  clinical  form  of 
glycosuria  lies  in  discovering  which  particular  factor  or  set  of  factors 
is  altered  from  its  normal  strength,  and  how. 

One  of  the  most  important  of  the  sets  of  factors  involved  in  the 
normal  balance  is  the  internal  or  tissue  respiration.  In  his  investiga- 
tions on  various  forms  of  experimental  diabetes.  Underbill  ^  noted  the 
casual  connection  of  these  conditions  with  disturbances  of  breathing. 
Araki  ^  has  shown  that  an  insufficient  supply  of  oxygen  to  the  cells 
{e.  g.,  in  CO  poisoning)  results  in  a  notable  glycosuria.  Macleod  ^ 
reached  the  conclusion  that  in  asphyxia  it  is  the  excess  of  CO2  and  not 
the  deficiency  of  oxygen,  which  stimulates  hepatic  glycogenolysis.    The 

^  Underhill,  F.  p.:  Journal  of  biological  chemistry,  1905,  i,  p.  113. 
*  Araki:   Zeitschrift  fiir  physiologische  Chemie,  1891,  xv,  p.  351. 
'  Macleod,  J.  J.  R. :  This  journal,  1909,  xxiii,  p.  302. 
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work  of  Edie,^  and  of  Edie,  Moore,  and  Roaf  °  seems  to  demonstrate 
that  an  excess  of  CO2  in  the  air  breathed  apart  from  oxygen  deficiency 
may  result  in  glycosuria. 

We  proposed  to  ourselves  the  question:  Will  acapnia  also  upset  the 
capacity  of  the  tissues  to  hold  sugar?  The  observations  to  be  here 
reported  indicate  that  such  is  the  case.  One  may  bring  a  see-saw  to 
the  ground  as  well  by  lessening  as  by  increasing  the  weight  on  one 
end.  Our  observations  indicate  also  that  acapnia  is  a  concomitant  of 
some  forms  of  experimental  glycosuria  in  which  Edie,  Moore,  and 
Roaf  have  held  that  hypercapnia  must  occur. 

Glycosuria  is  known  to  follow  violent  emotion  in  human  subjects 
and  to  occur  in  cats  which  rage  at  being  tied.^  Henderson  ^  has 
pointed  out  that  the  stormy  breathing  of  anger  involves  excessive 
pulmonary  ventilation.  He  has  likewise  shown  that  ether  anaesthesia 
in  dogs  without  morphin  nearly  always  involves  a  greater  or  less 
degree  of  acapnia,  never  hypercapnia.  It  is  noteworthy  that  a  tem- 
porary glycosuria  is  a  frequent  sequel  of  ether  anaesthesia.  Prolonged 
ether  excitement  may  reduce  the  CO2  content  of  the  blood  to  half  the 
normal  amount,  and  result  fatally.^  These  effects,  including  the  glyco- 
suria, are  solely  due  to  the  excessive  breathing  induced  by  ether  excite- 
ment.^ We  have  never  found  sugar  in  the  urine  of  dogs  which  had 
been  brought  into  deep  ether  anaesthesia  quietly.  We  believe  that 
both  emotional  glycosuria  and  polyuria  are  frequently  the  result  of 
acapnia. 

Acetone  has  an  influence  even  more  powerful  than  ether  in  excit- 
ing respiration  to  excessive  activity.  When  administered  to  normal 
animals  it  has  been  shown  to  produce  glycosuria. ^°  The  close  asso- 
ciation of  this  substance  with  the  most  important  cUnical  form  of 

*  Edie:   Biochemical  journal,  1906,  i,  p.  455. 

^  Edie,  Moore,  and  Roaf:   Biochemical  journal,  191 1,  v,  p.  325. 

^  BoHM  and  Hoffmann:  Archiv  fiir  experimentelle  Pathologic  und  Pharma- 
kologie,  1878,  viii,  p.  271. 

^  Henderson,  Y.  :   This  journal,  1910,  xxv,  p.  311. 

®  Henderson,  Y.:  This  journal,  1910,  xxvi,  p.  280. 

®  Underhill:  Loc.  cit. 

*"  Albertoni:  Archiv  fiir  experimentelle  Pathologic  und  Pharmakologie,  1884, 
xviii,  p.  218;  v.  Jaksch:  Zcitschrift  fiir  klinische  Medizin,  18S6,  x,  p.  362; 
RuscnHAiTx:  Archiv  fiir  experimentelle  Pathologic  und  Pharmakologie,  1900 
xliv,  p   127;  MiJLLER:  Ibid.,  1901,  xlvi,  p.  67. 
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glycosuria  raises  the  question  to  what  extent  acapnia  may  occur,  and 
what  its  significance  may  be,  in  diabetes  melHtus.  Acetone  is  prob- 
ably a  factor  in  that  "nervousness  "  of  diabetics  which  is  in  part  the 
subjective  expression  of  their  proneness  to  hyperpnoea. 

In  diabetic  coma  a  degree  of  acapnia  has  been  observed  more  in- 
tense than  in  any  other  known  condition.  Magnus  Levy  "  found  only 
3.3  per  cent  of  CO2  in  the  blood  just  before  the  death  of  a  patient,  — 
less  than  one  tenth  of  the  normal.  It  is  generally  assumed  that  this 
is  not  a  true  acapnia  such  as  results  from  excessive  breathing,  but  that 
it  is  merely  a  pseudo-acapnia  due  to  the  expulsion  of  CO2  from  the 
bicarbonates  of  the  blood  by  organic  acids.  This  view  involves,  how- 
ever, a  large  measure  of  assumption.  To  prove  it  would  require  simul- 
taneous determinations  of  the  CO2  tension,  CO2  content,  and  hydro- 

+ 

gen  ion  concentration  (H)  of  the  blood.  No  one  has  yet  performed  this 
difficult  task.i2 

The  line  of  reasoning  usually  adopted  starts  from  the  fact  that 
(i)  Acids  are  formed  in  the  tissues  and  pass  into  the  blood  in  acidosis. 
(2)  Acids  liberate  CO2  from  bicarbonates.  And  (3)  during  acidosis 
the  CO2  content  of  the  blood  is  greatly  diminished.  From  these  three 
facts  the  conclusions  are  drawn  that:  (i)  In  acidosis  the  acids  are 
produced  in  an  amount  sufficient  to  explain  the  low  content  of  CO2 

wholly  by  expulsion.     (2)  The  capacity  of  the  blood  to  carry  CO2  is 

+ 

destroyed  or  greatly  diminished.  And  (3)  the  acidity  or  (H)  is  in- 
creased.   The  facts  scarcely  warrant  any  of  these  conclusions. 

Beddard,  Pembrey,  and  Spriggs  ^^  found  that  diabetic  blood  is 
quite  capable  of  taking  up  large  quantities  of  CO2  when  exposed  to 
the  gas  in  vitro.  Evidently  the  alkalies  of  the  blood  even  in  acute 
diabetic  acapnia  are  far  from  being  completely  neutralized  by  oxybu- 
tyric  and  other  organic  acids.  These  investigators  have  also  recorded 
the  exceedingly  important  observation  that  during  diabetic  coma  the 
CO2  tension  of  the  alveolar  air  of  the  lungs  is  far  below  normal.  Thus 
they  have  demonstrated  that  the  acapnia  incident  to  acidosis  is  mainly 

"  Magnus  Levy:  Archiv  fiir  experimentelle  Pathologic  und  Pharmakologie, 
1 901,  xlv,  p.  389. 

^2  For  methods  see  Krogh,  Skandinavisches  Archiv  fiir  Physiologic,  1908,  xx, 
p.  279;  Hasselbalch:  Biochemische  Zeitschrift,  1910,  xxx,  p.  317.  Michaelis 
and  Rona:  Ibid.,   1909,  xviii,  p.  317. 

1^  Beddard,  Pembrey  and  Spriggs:  Journal  of  physiology,  1904,  xxxi,  p.  xliv. 
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a  true  low  tension  acapnia  due  to  hyperpnoea.    From  this  fact  does 

it  not  follow  that  the  (H)  of  diabetic  blood  is  below  normal,  and  that 
the  blood  during  acidosis  is  less  "acid  "  than  normally,  in  spite  of  the 
neutralization  of  a  part  of  its  alkali  bicarbonates  by  strong  organic 
acids?  The  pulmonary  ventilation  of  this  condition  is  so  excessive 
that  it  exhales  not  only  the  CO2  liberated  from  combination  with 
alkalies,  but  also  a  part  of  that  amount  which  is  normally  held  in  the 
blood  in  simple  solution. 

It  is  preeminently  thot  portion  of  carbonic  acid  which  is  merely 

dissolved,  uncombined  with  alkalies,  which  according  to  the  formulas 

+ 

of  L.  J.  Henderson  ^^  determines  the  (H)  of  the  blood.  This  portion 
obeys  the  law  of  Henry.  At  equal  partial  pressures  of  CO2  in  the 
lungs  the  carbonic  acid  dissolved  as  such  will  be  the  same  in  normal 
and  in  acidosis  blood.  Whichever  is  exposed  to  the  lower  gas  pres- 
sure will  have  the  less  CO2  in  simple  solution,  and  to  this  extent  the 
+ 

lower  (H).  As  L.  J.  Henderson  has  pointed  out  in  his  discussion  of 
the  neutrality  equilibrium  of  the  body,  lactic,  oxybutyric,  and  the 
other  diabetic  acids  when  thrown  into  the  blood  in  moderate  amount 
are  almost  completely  neutralized  by  alkalies  from  bicarbonates  and 

phosphates.    Short  of  so  intense  an  acidosis  as  to  absorb  practically 

+ 

all  of  the  alkalies  of  the  bicarbonates,  the  (H)  continues  to  depend 
principally  just  as  under  normal  conditions  upon  the  pressure  of  CO2 
in  the  alveolar  air  of  the  lungs.  In  acute  acidosis  this  pressure  is  much 
below  normal. 

Furthermore  the  body  aids  itself  in  neutralizing  the  diabetic  acids 
by  an  abnormally  large  amount  of  nitrogen  in  the  form  of  ammonia  in 
the  blood  and  urine.  The  process  of  urea  formation  is,  like  glycoge- 
nolysis,  an  equilibrium  of  many  factors,  of  which  carbonic  acid  is  one.^^ 

From  the  foregoing  considerations  it  is  evident  that  the  excessive 
respiration  associated  with  many  forms  of  glycosuria  cannot  be  due  to 
an  unusually  high  pressure  of  CO2  in  the  blood.  Neither  can  it  be  due 
to  a  high  acidity.  It  is  almost  certainly  due  to  the  acidosis  sub- 
stances, of  which  a  certain  quantity  is  present  in  the  blood  even  in 
health;    but  in  our  opinion  it  is  probably  the  ethereal  qualities  of 

"  Henderson,  L.  J.:   Ergebnisse  der  Physiologic,  1909,  viii,  p.  254. 

•^  MACLEOD  and  Haskins:  Journal  of  biological  chemistry,  1906,  i,  p.  319. 
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these  bodies  and  not  their  acidic  influence  which,  when  added  to  the 

CO2  remaining  in  the  blood,  excites  the  respiratory  centre  to  maintain 

+ 

the  tension  of  this  gas,  and  with  it  the  (H),  below  normal.  That  such  a 
conception  is  a  possibihty  is  proven  by  Henderson's  observations  that 
a  fatal  acapnia  may  be  induced  by  means  of  ethyl  ether,  and  by  the 
fact  that  acetone  is  an  even  more  powerful  respiratory  excitant. 

A  number  of  investigators  have  noted  that  the  intravenous  infusion 
of  acids  exerts  a  very  brief  influence  upon  breathing.    The  acids  are 

immediately  neutralized  into  their  salts;    the  CO2  thus  displaced  is 

+ 

exhaled;  and  the  (H)  depends  as  before  upon  the  carbonic  acid  in 
solution. 

The  effect  of  the  administration  of  alkahes  in  diminishing  the 
dyspnoea  during  diabetic  coma  can  in  like  manner  be  reconciled  with 

our  view.^^    If  the  activity  of  the  respiratory  centre  is  due  to  the  sum- 

+ 

mated  influence  of  the  ethereal  acidosis  bodies  and  the  CO2  or  (H)  in 
the  blood,  then  diminishing  the  second  term  in  this  sum  must  reduce 
their  combined  stimulating  influence  in  precisely  the  same  manner  as 
that  by  which  alkalies  lessen  the  breathing  of  a  normal  subject.    It 

matters  not  whether  the  influence  of  carbonic  acid  upon  the  respiratory 

+ 

centre  be  regarded  as  depending  upon  (H)  (Winterstein  ^^)  or  whether, 
as  appears  to  us  more  probable,  this  centre  is  specifically  irritable  to 
CO2  apart  from  its  acidity. 

With  such  tentative  conceptions  as  these  in  mind  we  undertook  the 
experiments  here  to  be  reported.  They  show  that  acapnia  is  in  fact  a 
constant  accompaniment  of  all  the  forms  of  experimental  glycosuria 
studied  by  us.  Upon  the  more  important  point,  whether  or  not  prevent- 
ing the  development  of  acapnia  will  prevent  glycosuria,  the  e\idence 
which  we  have  to  report  is  incomplete.  Apparently  in  some  of  these 
conditions  such  is  the  case,  in  others  not.  We  have  found  it  far  more 
difficult  than  we  had  expected  to  administer  an  atmosphere  so  rich  in 
CO2  as  to  prevent  acapnia.  As  a  suggestion  to  others  who  may  in 
future  work  on  this  or  related  topics,  and  as  a  criticism  upon  much  of 
the  work  previously  published  we  would  point  out  that  absolutely  the 
only  way  to  find  out  whether  an  animal  under  any  experimental  con- 
ditions is  acapnic  or  hypercapnic  is  by  means  of  analyses  either  of  the 

"  Cf.  Labbe  and  Violle:   Presse  medicale,  Paris,  191 1,  xix,  p.  292. 

"  Winterstein,  H. :  Archiv  fiir  die  gesammte  Physiologic,  1911,  cxxxviii,  p.  167. 
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blood  or  the  alveolar  air.  In  many  of  our  own  experiments  we  should 
have  supposed  the  CO2  content  to  be  above  normal  when  analyses 
actually  showed  it  to  be  much  below.  Furthermore,  as  a  commentary 
upon  the  theorizing  of  previous  workers,  it  must  always  be  remem- 
bered that  the  only  certain  criterion  of  whether  the  tissues  of  the 
body  are  adequately  supplied  with  oxygen  is  the  demonstration  of  a 
considerable  quantity  of  this  gas  in  the  venous  blood.  The  arterial  blood 
may  be  saturated  and  arterial  pressure  high,  yet  if  the  blood  stream  is 
small  the  supply  of  oxygen  will  be  insufficient  for  internal  respiratory 
needs  and  the  resulting  hyperglyceemia  may  be  mistakenly  assigned 
to  other  than  its  true  cause. 

Most  of  the  forms  of  acapnia  thus  far  described  by  Henderson  ^^ 
have  been  the  result  of  excessive  breathing  induced  by  external  influ- 
ences upon  afferent  nerves.  We  would  point  out  that  perversions  of 
metabolism  (e.  g.,  in  diabetes  and  in  fever)  may  produce  substances 
capable  of  exciting  the  respiratory  centre  to  abnormal  activity.  Thus 
acapnia  may  be  a  factor  in  the  pathologic  physiology  of  the  diseases  of 
internal  medicine  no  less  than  in  those  of  surgery. 

II.   Peptone  Glycosuria. 

The  functional  disturbances  induced  by  intravenous  injection  of 
proteoses  have  been  studied  by  a  long  series  of  investigators.  In  addi- 
tion to  the  effects  of  such  injections  upon  the  coagulability  of  the 
blood  and  upon  arterial  pressure,  one  of  the  most  obvious  results  of 
such  injections  is  that  upon  respiration.  The  animal  exhibits  great 
excitement  with  struggles,  cries,  and  labored  breathing. 

It  was  found  by  Lahousse  ^^  in  Ludwig's  laboratory  that  in  dogs  in 
which  the  arterial  blood  contained  33.4  to  39.5  volumes  per  cent  of 
CO2  prior  to  peptone  injection,  a  sample  of  blood  in  four  minutes  after 
the  injection  {i.  e.,  when  the  condition  of  shock  had  fully  developed) 
contained  only  16.3  to  22.4  per  cent  CO2.  The  oxygen  content  of  the 
blood  was  slightly  increased.  The  indications  were  against  the  view 
that  the  tissue  oxidations  were  diminished.  Lahousse  observed  that 
the  acapnia  lasted  as  long  as  the  condition  of  shock,  and  that  the  CO2 
content  of  the  blood  rose  again  toward  normal  as  recovery  progressed. 

'*  Henderson,  Y.:  This  journal,  iqio.  xxvi,  p.  2S0. 
"  Lahousse:  Archiv  fur  Physiologic,  1SS9,  p.  77. 
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Glycosuria  has  never,  so  far  as  we  can  find,  been  observed  as  a  re- 
sult of  peptone  injection.  The  consideration  advanced  in  the  previous 
section  led  us,  however,  to  expect  that  it  must  occur.  Our  observations 
confirm  those  of  Lahousse  and  in  addition  verify  our  expectation  that 
glycosuria  or  at  least  h>'perglycasmia  is  a  sequel  of  peptone  shock  and 
that  it  is  due  to  acapnia.^" 

They  demonstrate  that  the  excessive  respiration  results  in  acapnia 
and  is  succeeded  by  a  period  of  subnormal  breathing,  during  which  the 
CO2  content  of  the  blood  rapidly  returns  to  normal.  Glycosuria  fol- 
lows. If,  however,  during  the  period  of  excitement  excessive  pul- 
monary ventilation  is  prevented  by  compelling  the  subject  to  breathe 
through  a  long  tube  attached  to  the  trachea,  neither  glycosuria  nor 
hypercglyaemia  occur.  Our  experiments  further  indicate  that  the 
lowering  of  arterial  pressure  following  peptone  injection  is  not  a 
factor  in  the  disturbance  of  sugar  control. 

Dog  of  4  kilos  under  ether.  Urine  free  from  sugar.  At  11.07  ^^' 
jected  2.5  gm.  Witte  peptone  in  35  c.c.  water  into  jugular  vein.  Vio- 
lent hyperpncea  for  a  few  minutes.  At  1 2.00  the  animal  had  practically 
recovered.  Urine  was  full  of  sugar.  The  NH4  fraction  of  its  nitrogen 
was  13.5  per  cent. 

Cat  of  2.1  kilos  under  ether.  At  11.30  injected  i.o  gm.  peptone  in 
20  c.c.  water  into  jugular  vein.  Hyperpncea  resulted.  At  12.21 
urine  was  full  of  sugar. 

Experiment  of  Oct.  2q,  1907.  —  Dog  of  10  kilos.     Ether.     Injected  into 
femoral  vein  3  gm.  Witte  peptone  in  40  c.c.  water.    Vigorous  h>TDerpnoea. 


Time. 

Arterial  gases. 

Blood 
sugar. 

Urinary. 

Notes. 

O2 

CO2 

per  cent. 

NH:N. 

9.50 
10.08 
10.12 
10.55 
11.30 

18.0 
20.5 
20.0 

30.0 
21.0 
26.0 

0.16 
0.12 
0.26 

6.9 
9.0 

Peptone  injected. 

Urine  full  of  sugar. 

2°  Henderson  and  UNDERraiL:   Proceedings  of  the  Society  for    Experimental 
Biology  and  Medicine,  191 1,  viii,  p.  80. 


282 


Yandell  Henderson  and  Frank  P.   Underhill. 


Experiment  of  Dec.  5,  igoy.  —  Dog,  23  kilos.    Ether.    Injected  12  gm.  pep- 
tone in  100  c.c.  water.     Hyperpnoea  resulted. 


Time. 

Arterial  gases. 

Venous 
gases. 

Arterial 
pressure. 

Blood 
sugar. 

Notes. 

O2 

CO2 

O2 

CO2 

MM.Hg. 

% 

12.40 

12.44 

1.00 

1.40 

3.12 

24.0 

18.7 
23.0 
25.0 

40.3 

30.6 
16.0 

16.6 

6.6 
16.4 
12.6 

45.6 

39.0 
33.4 
38.8 

145 
55 

45 

95 

0.15 
0.27 

Urine  free  from  sugar. 

Peptone  injected.    Hy- 
perpnoea. 

Urine  free  from  sugar. 

Experiment  of  Dec.  14,  igoj.  —  Dog,  11.5  kilos.  At  first  chloroformed;  then 
ether.  Injected  6.0  gm.  peptone.  Hyperpnoea  resulted.  Tube  at- 
tached to  trachea  2  m.  long  with  13  mm.  above. 


Arteria 

1  gases. 

Venous  gases. 

Arterial 

Time. 

pressure. 
mm.Hg 

% 

Blood 
sugar. 

Notes. 

O2 

CO2 

O2 

CO2 

11.45 
11.46 





150 
50 

i... 

Peptone  injected. 

11.55 

24.1 

32.7 

13.6 

45.8 

Blood  does  not  clot. 

12.00 

.... 

Tube  attached  to  trachea. 

12.44 
1.12 

23.9 

38.5 

14.3 

51.3 

75 
85 

Tongue  pink;  breathing 

deeply. 
Blood  does  not  clot. 

2.15 

0.17 

Urine  free  from  sugar. 

III.   PiQURE  Diabetes. 

The  Bernard  puncture  of  the  floor  of  the  fourth  ventricle  in  a  rabbit 
is  usually  followed  immediately  by  hj^^erpncea.  This  excessive  breath- 
ing continues  for  five  or  ten  minutes,  and  is  succeeded  by  a  compen- 
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satory  period  of  subnormal  breathing.  From  half  an  hour  to  an  hour 
after  the  operation  polyuria  and  glycosuria  set  in.  These  conditions 
usually  last  for  four  or  five  hours  and  then  pass  ofif,  leaving  the  animal 
in  apparently  normal  condition. 

The  experiments  detailed  below  show  that  a  marked  acapnia  results 
from  this  hyperpnoea.  Lahousse  ^^  has  observed  that  during  the  time 
which  we  have  denominated  above  as  the  compensatory  period  the 
respiratory  quotient  is  low.  He  regards  this  fact  as  indicating  an  al- 
teration in  the  nature  of  the  substances  undergoing  combustion  in  the 
tissues.  A  simpler  explanation  appears  to  us  to  be  that,  owing  to  the 
acapnia,  breathing  in  this  period  is  subnormal.  It  is  sufficient  to 
supply  all  the  oxygen  the  tissues  need,  but  diminishes  the  elimmation 
and  thus  allows  reaccumulation  of  CO2.  During  any  period  when  an 
animal  is  diminishing  its  store  of  CO2  by  hyperpnoea  or  reaccumulat- 
ing  its  normal  stock  by  subnormal  breathing  the  respiratory  quotient 
would  be  correspondingly  increased  or  diminished.  If  at  the  same  time 
the  quantity  of  oxygen  absorbed  by  the  lungs  continues  at  an  approxi- 
mately normal  rate,  the  respiratory  quotient  may  afford  an  entirely 
misleading  indication  of  the  nature  of  the  substances  undergoing 
combustion. 

Another  object  of  our  experiments  was  to  determine  whether  the  pre- 
vention of  acapnia  would  hkewise  prevent  glycosuria  after  piqure. 
For  this  purpose  the  rabbits  were  placed  immediately  after  the  opera- 
tion in  a  small  chamber  supplied  with  an  ample  stream  of  air  to  which 
known  quantities  of  CO2  had  been  added.  To  our  surprise  we  found  it 
by  no  means  easy  to  prevent  acapnia.  With  small  percentages  of  CO2 
(5  per  cent  or  less)  the  h>'perpnoea  induced  by  piqure  is  sufficient  to 
result  in  a  marked  reduction  of  the  body's  store  of  CO2.  Owing  to 
the  loss  of  time  involved  in  learning  this,  we  were  obliged,  by  pres- 
sure of  other  work,  to  leave  many  points  undecided.  Three  years 
have  passed  without  our  finding  an  opportunity  to  resume  the  in- 
vestigation. In  the  recent  paper  of  Edie,  Moore,  and  Roaf  2-  it  is  argued 
that  hypercapnia  is  a  factor  in  many  forms  of  experimental  diabetes. 
Our  data  demonstrate  that  such  is  not  the  case  in  any  of  the  forms  of 
experimental  glycosuria  studied  by  us. 

2*  Lahousse:  Archives  intemationales  de  physiologic,  1907,  v,  p.  105.  See  also 
La  Franca;  Zeitschrift  fxir  experimentelle  Pathologie  und  Therapie,  1910,  vi, 
p.  I. 

^  Edie,  Moore,  and  Roaf:  Loc.  cU. 
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The  data  here  tabulated  show  that  the  prevention  of  acapnia  obviates 
polyuria  and  probably  to  some  extent  delays  and  diminishes,  but  does 
not  entirely  prevent,  the  excretion  of  sugar  after  piqure.  It  is  note- 
worthy that  in  one  of  our  control  experiments  no  apparent  disturb- 
ance of  respiration  resulted  from  the  piqure.  In  this  case  the  appear- 
ance of  sugar  in  the  urine  was  delayed  and  no  diuresis  was  observed. 

In  all  of  our  experiments  the  procedure  was  as  follows.  The  rabbits 
were  anaesthetized  with  ether.  All  urine  was  so  far  as  possible  pressed 
out  of  the  bladder,  and  tested  for  sugar.  No  sugar  was  found  in  any 
case.  A  sample  of  blood  was  drawn  from  the  femoral  artery  for  the 
gas  analyses.^'^  Piqure  was  then  performed.  The  animal  was  immedi- 
ately placed  in  the  ventilated  chamber  and  supplied  either  with  air 
alone  or  with  air  and  carbon  dioxide  of  the  percentage  shown  in  the 
table.  The  chamber  was  so  arranged  that  samples  of  blood  could  be 
drawn  and  urine  pressed  out  of  the  bladder  without  removing  the  ani- 
mal's head  and  forequarters  from  the  chamber.  An  attempt  to  obtain 
urine  in  this  way  was  made  every  fifteen  minutes.  The  data  of  ten 
typical  experiments  are  summar.'zed  in  the  table  on  page  285. 


IV.   Pancreatic  Diabetes. 

From  the  single  experiment  outlined  below  it  is  apparent  that  when 
glycosuria  is  induced  by  removal  of  the  pancreas  at  first  a  notable 
diminution  of  the  CO2  content  of  the  arterial  blood  occurs.  The  animal 
breathes  excessively  and  later  subnormally.  We  have  no  reason  to 
suppose  that  preventing  the  development  of  acapnia  would  prevent 
glycosuria  or  delay  the  fatal  result  materially.  Even  this  single  ex- 
periment shows,  however,  that  pancreatic  diabetes  does  not  necessarily 
involve  hypercapnia  (cf.  Edie,  Moore,  and  Roaf  on  page  283  of  tliis 
paper).  The  circulation  fails  rapidly  in  all  such  experiments,  as  Un- 
derhill has  frequently  had  occasion  to  observe,  and  the  venous  blood 
soon  shows  by  its  color  an  almost  entire  lack  of  oxygen.  Thus,  although 
the  arterial  blood  may  be  rich  in  oxygen,  the  tissues  may  be  insuffi- 
ciently supplied  because  of  failure  of  the  circulation.    We  are  not  yet 

^  Barcroft  and  IIaldane:  Journal  of  physiology,  1Q02,  xxviii,  p.  234.  The 
flasks  used  by  us  were  three  times  as  large  as  those  of  Barcroft  and  Haldane,  and 
the  blood  samples  were  3.0  c.c  instead  of  only  i.o  c.c. 
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prepared  to  follow  the  lead  of  those  who  hold  that  deficiency  of  oxygen  is 
not  capable  of  disturbing  sugar  metabolism. 


ARTERIAL  BLOOD   GASES. 


Exp. 
no. 

Before  piqure. 

1  hr.  after 
piqure. 

2  hrs.  after 
piqure. 

7  hrs.  after 
piqure. 

Appear- 
ance of 
glyco- 
suria 
in  min. 

Polyuria. 

O2 

CO2 

O2 

CO2 

C2 

CO2 

O2 

CO2 

11 

13.5 

51.1 

. 

. . . 

13.3 

28.7 

13.5 

45.7 

.   .  ■ 

8 

21 

14.5 

58.0 

14.8 

37.9 

14.5 

42.0 

30 

31 

12.0 

40.0 

12.0 

26.3 

8.5 

34.3 

12.8 

30.0 

45 

41 

12.0 

38.9 

16.4 

17.1 

60 

52 

13.0 

36.0 

75 

0 

6" 

210 

0 

7* 

12.1 

50.0 

14.5 

47.2 

135 

0 

85 

14.5 

45.8 

7.3 

61.5 

9.2 

69.5 

75 

0 

96 

16.2 

25.7 

15.2 

44.5 

60 

0 

10' 

•• 

•  • 

1  Breathed  air.     Hypernoea.                                    ^  No  hypernoea. 
3  Breathed  10  per  cent  CO2.                                    *  Breathed  15  per  cent  CO2. 
s  Breathed  25  per  cent  CO2.                                    *  Breathed  25  per  cent  COj. 
'  Normal  rabbit  not  anaesthetized;  no  piqure,  breathed  25  per  cent  CO2  for  one  hour. 
No  trace  of  sugar  appeared  in  the  urine. 
8  .  .  indicates  marked  polyuria,  and  zero  indicates  no  apparent  diuresis. 

Experiment  of  February  14,  igo8.  — 
9.45.     Dog  under  chloroform. 
10.00.     Arterial  gases,  02:19.3;  €02:42.3  per  cent. 
I  I.I 5.     Pancreas  completely  removed. 
11.30.     Respiration  30  per  minute,  and  full. 
1. 10.     Urine  full  of  sugar. 

1. 15.     Arterial  gases,  02:19.4  per  cent;   €02:28.6  per  cent. 
2.00.     Tube  attached  to  trachea  2  cm.  in  diameter  and  130  cm.  long. 
Respiration  very  weak. 

2.55.     0.12  gm.  morphin  sulphate  subcutaneously. 
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3.50.     Arterial  gases,  02:23.2  per  cent;  €02:31.0  per  cent. 
4.45.     Urine  full  of  sugar.    Respiration  almost  failing. 
5.15.     Saline  saturated  with  CO2  placed  in  abdomen.     Attached 
tube  to  trachea.    Deep  respiration  follows. 
7.30.     Animal  stopped  breathing. 


V.    PlPERIDIN  DlABfrES. 

Underhill  has  observed  that  when  piperidin  is  painted  upon  the 
pancreas  a  notable  h>T3erpnoea  followed  by  subnormal  breathing 
occurs.  Herter  -^  had  previously  demonstrated  that  painting  piperidin 
upon  the  pancreas  results  in  a  marked  glycosuria  which  persists  for 
several  hours.  Although  we  have  performed  but  a  single  experiment, 
it  appears  sufficient  to  show  that  hypercapnia  is  not  a  factor  in  this 
form  of  glycosuria,  but  that,  on  the  contrary,  the  animal  develops  a 
notable  acapnia.  During  the  period  of  subnormal  breathing  which 
follows  the  tissues  may  be  insufficiently  supplied  with  oxygen,  because 
of  the  low  content  of  oxygen  in  the  venous  blood. 

In  the  earlier  experiments  of  Underhill  it  was  found  that  this  form 
of  diabetes  was  prevented  when  oxygen  was  given.  It  is  possible  that 
the  principal  factor  in  this  result  was  the  prevention  of  acapnia,  as 
the  process  of  breathing  into  a  mask  necessarily  involves  more  or  less 
re-breathing.  This  prevention  of  acapnia  would  later  obviate  also 
that  tendency  to  failure  of  respiration  and  consequent  anoxha^mia 
which  were  observed  by  Underhill. 

February  25,  igo8.  —  Dog,  15  kilos. 

11.30.     Chloroform  —  then  ether. 

12.00.    Arterial  gases,  02:19.9;    €02:33.7.    Venous  gases,  02:15.2; 
CO2:  40.9. 

12.10.     Urine  free  from  sugar;  blood  pressure,  75  mm.  Hg.    Piperidin 
solution  — 10  per  cent  —  painted  on  pancreas.    Less  than  i  c.c.  used. 
Respiration  immediately  accelerated. 

12.15.     Arterial  pressure,  95  mm.;   hyjjerpncea. 

12.25.     Arterial  pressure,  no  mm. ;   coma.    Urine  free  cf  sugar. 

1. 10.     Arterial  gases,  O2:  18.9  per  cent;   002:27.0  per  cent.    Venous 
•  gases,  02:11.1  per  cent;   CO2:  28.0  per  cent. 

1. 1 5.     Arterial  pressure,  130  mm. 

^■^  Herter:   Medical  news,  iqo2,  xxx,  p.  865. 
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1.45.     No  sugar  in  urine,    i  c.c.  piperidin  painted  on  pancreas, 

2.15.     I  c.c.  piperidin  10  per  cent  painted  on^^^ 

2.45.     Urine  contains  sugar.  ^B^^ 

3.20.     Arterial  gases  02:9.9  per  cent;    €02:46.9  per  cent.      Venous 

gases,  02:3.8  per  cent;  €02:57.2  per  cent. 

3.00  to  3.20.     Very  feeble  respiration.    Animal  barely  alive. 

3.25.     Slow  heart  beaj(^65  per  minute;    respiration  poor.    Arterial 

pressure  varying  from  50  to  120  mm.    Urine  contains  sugar. 
3.50.     Animal  died  of  failure  of  respiration. 


VI.   Glycosuria  after  Laparotomy  and  after  Excessive 
Artificial  Respiration. 

It  has  been  shown  by  Henderson  ^  that  when  the  intestines  are 
handled  in  a  current  of  warm  moist  air  acapnia  develops.  The  first 
of  the  two  experiments  given  below  indicates  that  h>-perglycaemia  and 
glycosuria  may  follow  the  acapnia. 

The  most  direct  procedure  for  the  experimental  production  of  acap- 
nia is  excessive  artificial  respiration.  Henderson  ^^  has  found  that 
artificial  respiration  administered  with  a  hand  bellows  while  the  thorax 
is  intact,  usually  produces  little  or  no  acapnia.  The  elastic  recoil  of 
the  thorax  in  expiration  under  these  conditions  is  so  slow  that  an  exces- 
sive ventilation  is  difficult  to  obtain.  It  is  necessary  that  the  apparatus 
employed  for  a  dog  with  intact  thorax  should  not  only  inject  fresh  air, 
but  also  that  it  should  quickly  and  forcibly  suck  out  again  the  other- 
wise slowly  expired  air.  Excessive  ventilation  can,  however,  be  ob- 
tained merely  with  a  hand  bellows  after  the  thorax  has  been  opened. 
Under  these  conditions  the  lungs  collapse  and  expel  their  air  rapidly 
in  the  intervals  between  the  strokes  of  the  bellows.  This  method  of 
inducing  acapnia  was  employed  in  the  second  experiment  reproduced 
below.  No  urine  was  obtained  after  acapnia  had  developed,  but  the 
blood  sugar  exhibited  a  notable  increase. 

Aeration  of  Intestine. 

November  iq,  igo8.  —  Vigorous  bulldog;   weight,  7.5  kilos. 
10.30.     Etherized  until  10.45.  ' 

2^  Henderson,  Y.:  This  journal,  1909,  xxiv,  p.  66. 
"^^  Henderson,  Y. :   This  journal,  1910,  xxv,  p.  322. 
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ii.oo.  Arterial  gases,  02:23.3  per  cent;  €02:39.6  per  cent.  Blood 
sugar,  0.18  pec  cent;  respiration,  42.  Pulse,  160;  urine  free  from 
sugar.     NH4— N  fraction  :  5.0  per  cent. 

1 1. 10.  Tracheotomized ;  abdomen  opened;  intestines  aerated; 
shallow  respiration.    Very  little  ether  necessary. 

12.25.  Gases  in  blood  from  mesenteric  vein;  oxygen,  10.3  per  cent; 
002:31.3  per  cent.  ^ 

12.28.     Comatose;  arterial  gases,  02:17.5  per  cent;  002:25.8  per  cent. 

1.00.  Respiration,  18;  pulse,  170.  Good  arterial  pressure;  urine 
full  of  sugar;  blood  sugar,  0.30  per  cent;  NH4— N  fraction  of  urine,  8.3 
per  cent. 

December  j,  1907.  —  Young  dog,  10  kilos.    First   chloroform;   then  ether; 
resists  anaesthesia. 

10.50.  Arterial,  02:17.0  per  cent;  €02:36.1  percent.  Venous,  O2: 
14. 1  per  cent;  002:38.4  per  cent.  Arterial  pressure,  150  mm.;  pulse, 
150.     Rapid  respiration. 

1 1. 1 5.  Thorax  opened;  rapid  and  full  artificial  respiration  ad- 
ministered. 

11.30.     Urine  free  from  sugar. 

12.30.     No  anaesthetic  necessary;  animal  in  profound  shock.    Arte- 
rial gases,  O2: 17.2;  OO2: 14.5  per  cent.    Venous,  O2:  6.9  per  cent;  OO2: 
33.9  per  cent.    Intestines  relaxed;  not  irritable;   bladder  empty, 
j  10.50.     Blood  sugar,  0.16  per  cent. 
'  [12.30.     Blood  sugar,  0.22  per  cent. 

VII.   Conclusions. 

Acapnia  is  a  frequent  concomitant  of  glycosuria  or  at  least  of  hyper- 
glycaemia  both  under  clinical  and  experimental  conditions.  In  some 
artificial  forms  of  diabetes  prevention  of  acapnia  obviates  disturbance 
of  the  sugar-regulating  function. 

We  believe  that  glycosuria  after  etherization  is  due  to  acapnia,  and 
that  traumatic  and  emotional  glycosurias  also  are  usually  due  to  this 
cause. 

The  work  of  previous  investigators  is  here  quoted  to  show  (a)  that  in 
diabetic  coma  an  acute  acapnia  occurs;  {h)  that  this  is  a  true  acapnia 
resulting  from  h>pcrpnoea  and  is  not  merely  due  to  the  expulsion  of 

CO2  from  the  bicarbonates  of  the  blood  by  acids;   (c)  that  in  acidosis 

+ 

the  acidity,  i.  e.  (H),  of  the  blood  is  probably  below  normal,  instead  of 
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above,  as  usually  assumed;  {d)  that  the  hyperpnoea  of  diabetic  coma  is 
induced  by  the  ethereal,  not  the  g-cid,  acidosis  bodies,  e.  g.,  acetone. 
In  conclusion  we  would  point  out  that  it  is  often  impossible  to  infer 
the  interior  conditions  of  tissue  respiration  from  the  external  condi- 
tions to  which  an  animal  may  be  exposed.  The  only  certain  cri- 
terion of  acapnia  or  h^-percapnia  is  analysis  of  alveolar  air  or  blood 
gases.  The  only  certain  criterion  of  insufficient  oxygen  supply  to  the 
tissues  is  the  demonstration  that  the  venous  blood  contains  no  oxygen 
or  only  a  minimal  amount. 


SOME    ENERGY   FACTORS    OF    THE    URINE    EXCRETED 
AFTER   SEVERE   MUSCULAR  EXERCISE. 

By  HAROLD   L.   HIGGINS  and  FRANCIS   G.  BENEDICT. 

[Contribution  from  the  Nutrition  Laboratory  of  the  Carnegie  Institution  of  Washington, 

Boston,  Massachusetts.] 

^  I  ''HE  determination  of  carbon  and  energy  in  urine  has  always 
-*■  been  of  great  importance  in  total  metabolism  experiments 
when  a  complete  balance  of  intake  and  output  of  energy  and  m.atter 
has  been  desired.  In  recent  years  these  determinations  have  become 
of  added  interest  in  that  the  relationships  of  the  total  nitrogen,  carbon, 
and  energy  in  the  urine  —  generally  expressed  as  carbon-nitrogen 
and  calorie-nitrogen  ratios  —  have  acquired  a  pathological  signifi- 
cance. The  carbon-nitrogen  ratio  has  been  studied  more  than  the 
calorie-nitrogen  ratio,  but  inasmuch  as  the  two  are  always  essentially 
proportional  in  different  urines,  they  are  of  equal  significance. 

Two  important  constituents  of  normal  urine  —  urea  and  ammonia 
—  give  carbon-nitrogen  ratios  of  0.43  and  o  respectively,  and  there- 
fore tend  to  keep  this  ratio  in  the  total  urine  low;  on  the  other  hand, 
uric  acid,  creatinine,  and  more  particularly  the  other  carbonaceous 
compounds  in  normal  urine  raise  the  ratios.  In  cases  of  perturbed 
metabolism  there  are  almost  invariably  present  in  the  urine  inter- 
mediate metabolic  products  which  contain  considerable  amounts  of 
carbon,  and  relatively  small  amounts,  if  any,  of  nitrogen.  The  more 
prominent  of  these  materials  are,  perhaps,  the  organic  acids  (lactic, 
diacetic,  and  y8-oxybutyric) ,  acetone,  sugar,  albumin,  amino-acids, 
and  such  protein  decomposition  products  as  are  mentioned  by  Pregl.^ 
The  presence  of  any  of  these  substances  in  considerable  quantity  will 
obviously  raise  the  carbon-nitrogen  ratio  very  appreciably,  and  it 
therefore  follows  that  the  calorie-nitrogen  ratio  will  be  correspondingly 
increased.     Since  it  frequently  happens  that  the  usual  study  of  the 

*  Pregl,  F.:  Archiv  fur  die  gesammte  Physiologie,  1899,  Ixxv,  p.  87. 
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partition  of  the  nitrogen  does  not  throw  much  light  upon  the  presence 
of  these  intermediary  products,  the  importance  of  a  study  of  the 
carbon-nitrogen  and  calorie-nitrogen  ratios  is  readily  seen;  for  by 
means  of  these  ratios  a  perturbed  metabolism  may  be  easily  detected 
and  much  information  secured  with  regard  to  its  character,  without 
going  into  the  elaborate  estimation  of  amino-acids,  purine  derivatives, 
etc.  The  determination  of  these  ratios  is  likewise  of  especial  value 
when  the  volume  of  urine  is  too  small  to  admit  of  tests  for  the  in- 
dividual intermediary  products. 

Earlier  Researches. 

In  normal  urines  with  ordinary  diet,  various  investigators  have 
found  essentially  the  same  ratios.  Benedict  and  Milner  -  report  an 
average  carbon-nitrogen  ratio  of  0.73,  and  an  average  calorie-nitrogen 
ratio  of  8.09  from  the  results  obtained  in  fifty-eight  metabolism  experi- 
ments upon  normal  individuals  in  the  respiration  calorimeter  at 
Wesleyan  University.  The  variations  among  the  different  experi- 
ments were,  in  general,  very  small,  the  carbon-nitrogen  ratio  rang- 
ing from  0.67  to  0.89,  and  the  calorie-nitrogen  ratio  from  7.3  to  8.94. 
Richardson,^  working  with  fewer  urines,  obtained  a  carbon-nitrogen 
ratio  varying  from  0.74  to  i.oi  with  an  average  of  0.88.  Magnus- 
Alsleben  ^  concludes  that  with  healthy  individuals  the  carbon-nitrogen 
ratio  will  not  pass  beyond  the  limits  of  0.7  and  i.o,  regardless  of  diet. 
Loewy.^  Pregl,^  and  others  report  values  with  normal  individuals 
essentially  within  these  limits. 

Diet  seems  to  have  but  little  effect  upon  the  ratios.  Benedict  and 
Milner  "  noticed  no  appreciable  change  due  to  diets  containing  a 
preponderance  of  either  carbohydrate  or  fat;    but  Tangl  ^  found  the 

2  Benedict  and  Milner:  U.  S.  Department  of  Agriculture,  Office  of  Experi- 
ment Stations  Bulletin  No.  175,  1907,  p.  144. 

'  Richardson:  Bulletin  Mount  Hope  Retreat  Laboratory,  1900.  See  also 
Jahresbericht  der  Tier-Chemic,  1901,  xxxi,  p.  703. 

^  Magnus-Alsleben:  Zcitschrift  fiir  klinische  Medizin,  1909,  Ixviii,  p.  358. 

*  Loewy:  Verhandlungen  der  physiologische  Gesellschaft  zu  Berlin,  1905- 
1906,  p.  II. 

^'Pregl:  Loc.  cit. 

^  Benedict  and  Milner:  Loc.  cit. 

*  Tangl:  Archiv  fiir  Anatomic  und  Physiologic,  1899,  Physiol.  Abth.  Sup- 
plemciit,  p.  251. 
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ratio  considerably  higher  on  days  when  the  diet  was  rich  in  carbo- 
hydrates and  poor  in  fat  (average  carbon-nitrogen  ratio,  0.96;  average 
calorie-nitrogen  rat'o,  11.67)  ^-s  compared  with  days  on  which  the 
diet  was  poor  in  carbohydrates  and  rich  in  fat  (average  carbon- 
nitrogen  ratio,  0.75;  average  calorie-nitrogen  ratio,  9.63).  Yet  in 
spite  of  the  fact  that  the  diet  on  these  days  was  extraordinary,  it  may 
be  noted  that  his  figures  fall  within  the  limits  set  by  Magnus-Alsleben.'-* 
Moderate  muscular  work  has  been  shown  by  both  Tangl  ^°  and  Bene- 
dict and  Milner  "  to  raise  the  ratios  but  little,  if  any,  over  those  for 
rest.  Thus,  with  normal  urines,  one  may  conclude  that  the  carbon- 
nitrogen  ratio  may  vary  from  0.67  to  i.o,  and  the  calorie-nitrogen 
ratio  from  7.3  to  ii.o. 

Many  interesting  cases  are  recorded  in  which  disturbances  of  these 
ratios  have  been  found.  In  fasting  Benedict,^-  and  Benedict  and 
Diefendorf  ^^  noted  an  increase  in  the  calorie-nitrogen  ratio  as  the 
fast  progressed,  increasing  in  one  case  from  a  normal  ratio  of  8.0  to 
19.75.  Coincident  with  mountain  sickness,  Loewy  ^*  reports  an  in- 
crease in  the  calorie-nitrogen  ratio  in  four  subjects.  While  the  in- 
crease was  not  very  large  (the  average  ratios  before  going  up  the 
mountain  being  8.58,  and  on  the  summit  9.74),  it  was  definitely  noted 
in  all  four  cases.  In  certain  types  of  fever,  also,  Magnus-Alsleben  ^^ 
found  an  increase  of  the  carbon-nitrogen  ratio,  while  in  others  there 
was  a  marked  decrease.  He  also  reports  three  cases  of  the  determina- 
tion of  this  ratio  after  severe  muscular  work,  the  ratios  being  ex- 
tremely high,  —  3.262.  1.926,  and  1.038. 


Recent  Research  at  the  Nutrition  Laboratory. 

In  view  of  the  disturbances  in  the  ratios  noted  by  these  investi-r 
gators,  it  occurred  to  us  that  a  perturbed  metabolism  might  result 
from  an  exhaustive  running  race.    Accordingly,  through  the  kindness 

3  Magnus-Alsleben:  Loc.  cit. 
10  Tangl:  Loc.  cit. 
"  Benedict  and  Milner:  Loc.  cit. 

1-  Benedict:  Carnegie  Institution  of  Washington  Publication  No.  77,  1907. 
"  Benedict  and  Diefendorf:  This  journal,  1907,  xviii,  p.  362. 
"  Loewy:  Loc.  cit. 
'^  Magnus-Alsleben:  Loc.  cit. 
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of  Dr.  John  H.  Cunningham,  Jr.,  we  obtained  the  urines  of  a  number 
of  the  contestants  immediately  after  the  finish  of  the  recent  Marathon 
Run  conducted  by  the  Boston  Athletic  Association.  Some  realiza- 
tion of  the  stress  of  this  race  may  be  gained  from  the  fact  that  the 
winner  covered  the  25-mile  (40.26  kilometres)  course  in  less  than  two 
and  cne-half  hours,  while  most  of  the  best  runners  finished  within 
three  hours. 

Although  the  specific  gravity  of  the  different  urines  was  normal, 
the  volume  was  usually  too  small  to  permit  the  making  of  many 
quantitative  tests;  but  we  were  able  to  determine  in  many  the  carbon, 
nitrogen,  and  energy,  the  nitrogen  being  determined  by  the  Kjeldahl 
method,  and  the  carbon  and  the  heat  of  combustion  simultaneously 
by  means  of  a  calorimetric  bomb  in  an  adiabatic  calorimeter.^^  From 
the  data  thus  obtained,  the  carbon-nitrogen  ratio,  the  calorie-nitrogen 
ratio,  and  the  calorie-carbon  ratio  were  computed.  As  all  of  the  con- 
testants were  unknown  to  us,  it  was  obviously  impossible  to  control 
the  diet  in  any  way,  or  to  secure  any  exact  data  regarding  the  diet 
preceding  the  race;  the  amount  and  character  of  the  food  taken 
during  the  race,  if  any;  the  time  of  the  last  urination;  and  the  normal 
constituents  of  the  urine.  Without  these  data,  therefore,  the  total 
quantities  have  very  little  significance,  but  the  ratios  may  be  looked 
upon  as  of  value. 


The  Determination  of  the  Heat  of  Combustion. 

In  determining  the  energy  of  urine,  one  must  remember  that  bac- 
terial action  and  decomposition  lessen  the  energy;  and  further  that 
if  urine  contains  such  preservatives  as  thymol,  toluol,  or  chloroform.^" 
a  heat  determination  will  be  unsatisfactory,  owing  to  the  difficulty 
in  ridding  the  urine  of  them  on  drying,  the  presence  of  these  con- 
stituents raising  the  energy  value  by  an  unknown  amount.  There- 
fore it  is  essential  to  use  fresh  urine  for  accurate  determinations, 
unless  perhaps  either  a  wholly  volatile  preservative  or  a  measured 
amount  of  a  non- volatile  one  has  been  added. 

"  Benedict  and  Higgins:  Journal  of  the  American  Chemical  Society,  igio. 
xxxii,  p.  461. 
"  Formalin  is  also  unsatisfactory  owing  to  a  residue  of  paraldehyde  on  drying. 
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Tangl  added  a  drop  of  hydrochloric  acid  before  drying  urines  in 
determining  the  heat  of  combustion;  this  served  as  a  preservative 
and  also  prevented  any  ammonia  in  the  urine  from  volatilizing  dur- 
ing the  drying.  Rubner  ^^  added  a  definite  amount  of  oxalic  acid  to 
the  fresh  urine  before  drying;  but  we  have  found  salicylic  acid  to 
be  still  more  satisfactory  by  reason  of  the  fact  that  in  addition  to 
preserving  the  urine  and  retaining  the  ammonia,  it  also  acts  as  a 
kindler  and  distinctly  aids  in  the  combustion  of  the  dried  urine. 

In  connection  with  the  metabolism  experiments  with  the  respira- 
tion calorimeter  at  Wesleyan  University,  a  comparative  study  was 
made  of  different  methods  for  the  determination  of  the  heat  of  com- 
bustion. The  cellulose  absorption  blocks  of  Kellner  ^^  were  tried, 
but  their  ready  absorption  of  moisture  from  the  air  made  their  weight 
and  heat  uncertain.  In  duplicate  determinations  on  the  same  urine, 
various  methods  were  tried,  using  different  means  of  evaporation, 
such  as  the  vacuum  desiccator,  the  water  bath,  the  drying  oven  at 
60°,  and  by  using  dift'erent  preservatives  and  no  preservative  at  all. 
But  the  method  which  gave  the  highest  heat  of  combustion,  and 
therefore  seemed  the  best,  involved  the  addition  of  50  mg.  of  salicylic 
acid  to  15  c.c.  of  urine;  the  drying  then  proceeding  at  as  low  a  tem- 
perature as  possible.  As  a  result  of  these  tests,  the  following  method, 
\vhich  we  have  used  in  this  research,  has  been  developed: 

An  accurately  weighed  portion  of  salicylic  acid  (50  mg.)  is 
placed  in  an  ordinary  soft  alloy  bottle  cap,-**  such  as  is  used  in  milk 
analysis,  and  to  this,  15  c.c.  of  urine  is  added  from  a  pipette.  The 
salicylic  acid,  on  account  of  its  light  nature,  has  a  tendency  to  float 
upon  the  surface  of  the  urine,  but  is  readily  distributed  by  blowing 
gently  through  the  pipette,  which  is  given  a  rotary  motion,  thus 
blowing  air  against  the  surface,  and  forcing  the  acid  into  the  urine. 
The  bottle  caps  are  then  placed  in  a  gentle  current  of  air  from  an 
electric  fan.  In  a  few  hours  the  liquid  will  have  evaporated  to  a 
volume  of  from  3  to  6  c.c,  and  it  is  then  carefully  transferred  into  a 
nickel  capsule  in  which  it  is  later  burned  in  the  bomb.    The  capsules 

1*  Rubner:  Die  Gesetze  des  Energieverbrauchs  bei  der  Ernahrung,  1902, 
p.  30. 

^^  Kellner:  Landwirtschaftliche  Jahrbucher,  1896,  xlvii.  p.  297. 

2"  An  ordinary  100  c.c.  evaporating  dish  may  be  used,  but  a  metal  dish  is  more 
advantageous  since  it  readily  conducts  heat. 
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are  described  by  Atwater  and  Snell,^^  those  used  in  this  study  being 
23  mm.  high,  30  mm.  internal  diameter  at  the  top,  and  14  mm.  at  the 
bottom,  with  a  capacity  of  about  9  c.c.  of  liquid.  In  transferring  the 
urine,  use  is  made  of  a  swab  of  ignited  asbestos  (held  in  ivory-tipped 
forceps)  to  which  the  last  bits  of  liquid  and  any  dried  particles  of  the 
urine  readily  adhere;  this  asbestos  swab,  with  its  adhering  material,  is 

TABLE  I. 

Nitrogen  Content  of  Urine  Samples  before 
and  after  drying. 


Sample  number. 

Before  drying. 

After  drying. 

1961 

gm. 

1.88 

gm. 

1.86 

1963 

3.97 

3.82 

1966 

1.88 

1.84 

1967 

1.38 

1.36 

1968 

1.36 

1.30 

1976 

0.67 

0.66 

1978 

1.71 

1.68 

1979 

0.34 

0.33 

1980 

0.64 

0.65 

then  put  into  the  capsule.  The  capsule  is  next  placed  in  the  draft  from 
the  electric  fan,  and  soon  the  urine  is  practically  dry.  During  this  last 
drying  process,  the  urine  adhering  to  the  upper  part  of  the  walls  is 
washed  into  the  lower  portion  of  the  capsule  with  the  help  of  a  fresh 
piece  of  asbestos  wool  moistened  with  distilled  water.  This  method 
of  drying  is  quicker  and  much  less  laborious  than  the  use  of  a  vacuum 
desiccator:  but  before  finally  burning  the  samples,  it  is  advanta- 
geous to  put  the  capsule  with  the  dried  urine  in  a  vacuum  desiccator 
for  over  night.  We  have  found  the  urine  burns  readily  in  the  bomb 
when  dried  in  this  manner. 

To  test  the  efficiency  of  this  method  of  drying,  we  determined  the 


-'  Atwater  and  Snell:  Journal   of   the   American   Chemical   Society,    1903, 
XXV,  p.  659. 
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nitrogen  content  of  9  samples  of  urine  dried  in  this  way  and  found 
that  the  average  loss  in  nitrogen  as  a  result  of  drying  and  mechanical 
transferring  was  less  than  2  per  cent.  The  detailed  results  are  given 
in  Table  I. 

Determination  of  the  Carbon. 

The  complete  oxidation  in  the  bomb  of  all  the  carbon  of  the  urine 
to  carbon  dioxide  allowed  us  to  simultaneously  determine  the  carbon 
content  with  the  heat.  We  made  use  of  the  method  of  Fries  -^  by 
which  the  carbon  dioxide  formed  is  determined  gravimetrically  by 
passing  the  gases  through  soda  lime.  Obviously  there  is  a  correction 
made  for  the  carbon  and  heat  due  to  the  50  mg.  of  salicylic  acid 
present.  The  heat  of  combustion  of  salicylic  acid  was  taken  as  5260 
calories  per  gram,  the  average  of  a  number  of  determinations  made 
in  this  laboratory. 

Analyses  of  Urines  voided  after  Severe  Muscular  Exercise. 

The  results  of  the  determinations  made  on  eighteen  of  the  urines 
collected  after  the  Marathon  race,  together  with  the  calculated  ratios, 
are  given  in  Table  II.  An  examination  of  this  table  will  show  that 
the  carbon-nitrogen  and  the  calorie-nitrogen  ratios  of  six  of  the  eighteen 
urines  are  abnormally  high,  the  ratios  of  the  other  twelve  being  essen- 
tially normal,  although  the  tendency  seems  towards  a  high  rather 
than  a  low  ratio.  A  number  of  tests  were  made  in  an  attempt  to  find 
out  the  cause  of  these  high  ratios. 

Ammonia  determinations  were  made  on  sixteen  urines  including 
some  of  those  showing  the  high  ratios,  and  in  but  one  case  (not  re- 
corded in  the  table)  was  the  percentage  of  nitrogen  as  ammonia 
higher  than  normal,  this  case  showing  9  per  cent.  Unfortunately 
the  volume  of  this  sample  of  urine  was  but  33  c.c,  and  we  were  unable 
to  study  it  further.  The  low  percentage  of  ammonia  and  a  few  tests 
made  directly  for  /8-oxybutyric  acid  and  lactic  acid,  which  showed 
but  a  few  milligrams  in  each  case,  seem  to  prove  conclusively  the 
absence  of  an  appreciable  amount  of  these  acid  products.  None  of 
the  urines  showed  a  reducing  power  greater  than  normal,  each  of  those 

22  Fries:  Journal  of  the  American  Chemical  Society,  1909,  xxxi,  p.  272. 
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TABLE   II. 

Energy  and  Nitrogen  Factors  of  Urine  voided  after  Severe 

Muscular  Exercise. 


Sample 
number. 

Volume 

of 
urine. 

Specific 
gravity. 

Nitro- 
gen. 

Carbon. 

Heat. 

Carbon- 
nitrogen 
ratio. 

Calorie- 
nitrogen 
ratio. 

Calorie- 
carbon 
ratio. 

1961 

c.c. 

202 

1.021 

gm. 

1.88 

gm. 

1.702 

Cal. 

18.92 

'  0.906 

10.06 

11.12 

1962 

160 

1.021 

1.19 

1.224 

13.50 

1.029 

11.34 

11.03 

1963 

365 

1.024 

3.97 

2.813 

31.32 

0.709 

7.89 

11.13 

1964 

240 

1.011 

1.04 

1.272 

13.55 

1.223 

13.03 

10.65 

1965 

41 

1.022 

0.36 

0.546 

5.83 

1.517 

16.18 

10.67 

1966 

204 

1.022 

1.88 

1.731 

19.30 

0.921 

10.26 

11.15 

1967 

132 

1.023 

1.38 

1.318 

14.26 

0.955 

10.33 

10.82 

1968 

101 

1.022 

1.36 

1.193 

13.35 

0.877 

9.82 

11.19 

1971 

SO 

1.011 

0.37 

0.515 

5.56 

1.393 

15.03 

10.79 

1972 

355 

1.019 

2.90 

2.128 

23.26 

0.734 

8.02 

10.93 

1976 

89 

1.021 

0.67 

0.568 

6.40 

0.848 

9.55 

11.27 

1978 

99 

1.030 

1.71 

1.379 

15.59 

0.807 

9.12 

11.30 

1979 

71 

1.015 

0.34 

0.433 

4.66 

1.274 

13.71 

10.75 

1980 

58 

1.025 

0.64 

0.689 

7.63 

1.076 

11.92 

11.07 

1984 

142 

1.019 

1.32 

1.264 

13.88 

0.958 

10.51 

10.98 

1986 

138 

1.024 

1.71 

1.519 

16.95 

0.888 

9.91 

11.16 

1989 

142 

1.031 

1.98 

1.745 

19.45 

0.881 

9.82 

11.15 

1997 

93 

1.032 

1.56 

1.311 

14.56 

0.840 

9.34 

11.11 

Av.   . 

151 

1.022 





0.991 

10.88 

11.02 

with  a  high  ratio  being  tested.  Albumen  Avas  present  in  all  but  four 
of  the  thirty-nine  urines  obtained,  occurring  in  all  of  those  with  the 
high  ratios;  quantitative  tests  of  some  of  these  latter,  made  through 
the  kindness  of  Dr.  E,  P.  Joshn,  showed  the  amounts  of  albumen  to 
be  very  small,  varying  from  0.05  per  cent  to  0.15  per  cent.     This 
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would  account  in  a  slight  degree  for  the  h'gh  ratios;  but  even  when 
the  nitrogen  and  carbon  present  as  albumen  are  subtracted,  the  car- 
bon-nitrogen ratio  is  still  high,  as  may  be  seen  from  Table  III. 

Since  there  was  practically  no  acidosis  and  no  reducing  power,  it 
seems  probable  that  the  high  ratios  in  the  case  of  these  six  men  were 
due  to  a  disturbance  of  the  protein  metabolism.    Just  what  substance, 

TABLE   III. 

C.AJlBOX-XlTROGEX    RATIOS    AS    .AFFECTED    BY   ALBUilEX. 


Sample 
number. 

Carbon- 
nitrogen 
ratio. 

Carbon- 
nitrogen 
ratio  omitting 
albumen. 

Percentage 
albumen. 

1964 
1971 
1979 
1980 
1984 

1.223 
1.393 
1.274 
1.076 
0.958 

1.205 
1.244 
1.132 
1.014 
0.942 

0.05 
0.15 
0.10 
0.10 
0.05 

in  addition  to  albumen,  was  responsible  for  these  ratios,  we  are  not 
prepared  to  say.  Amino-acids  may  have  been  present,  Loewy  having 
found  them  in  the  urine  as  a  result  of  the  effects  of  high  altitudes, 
and  attributed  to  them  the  rise  in  the  calorie-nitrogen  ratio.  But  it 
seems  more  likely  that  in  this  study  the  high  ratios  were  due  to  pro- 
tein decomposition  products  of  higher  molecular  weight,  since  these 
products  have  a  high  carbon-nitrogen  ratio,  while  the  amino-acids 
have,  for  the  most  part,  too  low  a  carbon-nitrogen  ratio  to  give  such 
ratios  as  were  found. 

The  calorie-carboji  ratio  is  seen  to  be  practically  the  same  for  all 
of  these  urines  (minimum,  10.65;  maximum,  11.30;  average,  11.02). 
This  ratio  is  very  nearly  the  same  as  that  obtained  by  Benedict  and 
Milner  for  a  large  number  of  urines  (10.96).  From  our  data,  there- 
fore, it  would  seem  that  if  either  the  carbon  or  heat  of  combustion  of 
a  urine  is  known,  the  other  may  easily  be  calculated  to  within  5  per 
cent  without  a  direct  determination.  The  reason  for  the  consistently 
higher  value  of  Tangl  (12.33)  is  not  at  present  apparent.  The  re- 
markable constancy  of  the  calorie-carbon  ratios  leads  us  to  believe 
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that  it  is  of  fundamental  importance  to  find  a  simple,  rapid,  and 
accurate  method  for  determining  carbon  in  the  urine,  since  by  that 
means  we  can  obtain  not  only  the  energy  of  the  urine,  which  is  of  great 
value,  but  also  the  carbon-nitrogen  ratio,  and  from  that,  of  course, 
the  energy-nitrogen  ratio.  At  present,  we  believe  the  most  accurate 
method  for  determining  carbon  is  the  one  cited  in  this  paper,  namely, 
drying  with  salicylic  acid  and  combustion  in  oxygen;  but  if  some 
volumetric  method  or  wet  process  could  be  devised  which  could  be 
easily  and  rapidly  carried  out,  it  would  prove  of  great  assistance  to 
investigators  in  metabolism  and  clinical  medicine. 


Summary. 

1.  The  value  of  a  study  of  the  carbon-nitrogen  and  calorie-nitrogen 
ratios  is  emphasized. 

2.  A  method  for  determining  the  heat  of  combustion  and  carbon  of 
urine  is  given. 

3.  The  carbon-nitrogen  and  calorie-nitrogen  ratios  of  a  number  of 
urines  passed  after  a  severe,  long-distance  running  race  are  reported. 
The  values  for  twelve  out  of  eighteen  urines  were  essentially  normal; 
the  remaining  six  urines  gave  high  ratios,  probably  due  to  perverted 
protein  metabolism. 

4.  In  view  of  the  fact  that  the  calorie-carbon  ratio  is  constant,  the 
advantage  is  pointed  out  of  the  development  of  either  a  volumetric 
method  or  a  wet  process  by  which  determinations  of  carbon  in  urine 
can  be  simply,  quickly,  and  accurately  made. 


THE   HEAT   OF   COMBUSTION   OF   COMPOUNDS    OF 
PHYSIOLOGICAL   IMPORTANCE. 

By  albert   G.   EMERY  and   FRANCIS   G.   BENEDICT. 

[Contribution  from  the  Nutrition  Laboratory  of  the  Carnegie  Institution  of  Washington, 

Boston,  Massachusetts.] 

'  I  ''HE  importance  of  a  study  of  the  transformations  of  energy  in 
■*-  the  animal  organism  and  particularly  in  the  human  body  has 
led  in  recent  years  to  a  more  careful  study  of  the  energy  output  and 
a  development  of  animal  and  human  calorimetry.^  At  the  present 
tim.e  these  transformations  of  energy  have  to  deal  for  the  most  part 
with  the  end  products  of  oxidation,  and  little  attention  has  been  paid 
to  the  intermediary  metabolism.  Since  in  certain  cases  of  metabolism 
intermediary  products  are  excreted  in  the  urine,  it  is  of  importance 
to  note  the  heat  of  combustion  or  the  potential  energy  of  numerous 
products  of  this  type.  A  glance  at  the  literature  shows  a  number  of 
striking  abnormalities  in  the  values  assigned,  even  to  the  commoner 
organic  compounds.  These  abnormalities  may  be  ascribed  either  to 
errors  in  technique,  fundamental  errors  in  the  t>^e  of  apparatus 
employed,  or  the  impurities  in  the  substances  burned.  In  more  re- 
cent years  the  development  of  the  adiabatic  calorimeter  has  increased 
in  very  large  measure  the  accuracy  of  bomb  calorimetry;  and  thanks 
to  the  fundamental  investigations  of  Jaeger  and  von  Stein wehr  ^ 
and  Fischer  and  Wrede,^  we  have  well-grounded  fundamental  values 
for  the  heat  of  combustion  of  at  least  two  organic  products  which  are 
obtainable  with  relative  ease,  namely,  benzoic  acid  and  cane  sugar.^ 

1  RuBNER  has  recently  introduced  the  expressive  term  "biocalorimetry."    See 
Tigerstedt's  Handbuch  der  physiologischen  Methodik,  1910,  p.  182. 

^  Jaeger  and  von  Steinwehr:  V'erhandlungen   der  deutschen   physikaUsche 
Gesellschaft,  1903,  v,  p.  50. 

'  Fischer  and  Wrede:    Zeitschrift    fiir    physikahsche    Chemie,    1909,  Ixix, 
p.  218. 

^  It  is  much  to  be  hoped   that   erelong   the   fundamental  measurements  of 
Fischer  and  Wrede  may  be  carried  out  in  an  adiabatic  calorimeter. 
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The  development  of  the  exceedingly  exact  resistance  thermometer 
for  use  in  the  bomb  calorimeter  enabled  a  small  temperature  rise  to 
be  measured  with  great  accuracy,  and  thus  minimized  the  cooling 
correction.  The  adiabatic  calorimeter,  however,  eliminates  this 
cooling  correction,  and  instead  of  the  elaborate  time-consuming 
measurement  made  by  electrical  methods  with  their  extremely  com- 
plex calculations,  a  good  standardized  mercurial  thermometer  may 
be  utilized.  The  adiabatic  condition  of  the  calorimeter  precludes  any 
material  errors  due  to  radiation  and  also  allows  ample  time  for  the 
thermometer  to  attain  the  temperature  at  the  beginning  and  end  of 
the  combustion. 

In  connection  with  the  researches  into  the  metabolism  of  matter 
and  transformations  of  energy  in  the  human  body  which  are  in  progress 
in  this  laboratory,  it  seemed  desirable  to  have  more  specific  informa- 
tion with  regard  to  the  heat  of  combustion  of  numerous  organic 
compounds  of  physiological  importance,  and  hence  this  investigation 
was  undertaken  with  the  idea  of  securing  pure  compounds  and  mak- 
ing the  combustions  by  means  of  the  exceedingly  exact  adiabatic 
calorimeter. 

Method. 

The  heats  of  combustion  of  these  compounds  were  all  made  with 
an  adiabatic  calorimeter,^  w^hich  has  been  in  successful  use  for  two 
years  and  has  been  repeatedly  checked  by  combustions  of  pure  cane 
sugar  and  pure  benzoic  acid.  The  hydrothermal  equivalent  of  the 
apparatus  was  established  by  burning  known  amounts  of  pure  cane 
sugar  and  the  calorimeter  so  adjusted  arbitrarily  as  to  give  the  heat 
of  combustion  of  pure  cane  sugar  of  3957  calories  and  of  pure  benzoic 
acid  of  6333  calories.  If  these  fundamental  values  of  cane  sugar  or 
benzoic  acid  should  ever  be  altered  by  subsequent  research,  the 
actual  heat  of  combustion  per  gram  of  the  substances  here  reported 
may  be  corrected  by  simple  proportion. 

As  a  check  upon  the  purity  of  the  substances,  in  most  instances 
determinations  of  the  carbon  were  made  in  the  substance  after  oxida- 
tion inside  the  bomb  calorimeter  by  means  of  the  method  of  Fries.^ 

^  Benedict  and  Higgins:  Journal  of  the  American  Chemical  Society,  1910, 
xxxii,  p.  461. 

*  Fries:  Journal  of  the  American  Chemical  Society,  1909,  xxxi,  p.  272. 
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Practically  the  only  impurity  existing  in  measurable  quantities  in 
any  of  these  compounds  was  moisture;  accordingly,  in  a  number  of 
instances,  particularly  alcohol,  acetone,  lactic  acid,  glycerine,  etc., 
where  the  percentage  of  water  not  in  the  form  of  water  of  crystalliza- 
tion was  quite  considerable,  the  calculation  of  the  heat  of  combustion 
per  gram  was  made  on  a  water-free  basis.  In  the  case  of  three  com- 
pounds, glycogen,  creatinine,  and  tyrosine,  prolonged  desiccation 
demonstrated  absence  of  moisture,  but  the  percentage  of  carbon  as 
determined  was  somewhat  less  than  the  theory  would  prescribe.  In 
these  cases  we  have  somewhat  arbitrarily,  it  must  be  admitted,  pro- 
portioned the  heat  of  combustion  on  the  basis  of  the  determination  of 
carbon.  Both  specimens  of  glycogen  were  probably  contaminated  with 
ash,  and  while  no  measure  of  the  character  of  the  impurity  of  the  other 
two  substances  was  made,  it  is  believed  that  the  ratio  of  the  carbon  to 
heat  in  the  most  of  these  specimens  is  sufficiently  constant  to  justify  our 
procedure,  i.  e.,  to  assume  that  the  carbon  content  is  an  approximate 
measure  of  the  energy.  If,  therefore,  a  substance  on  analysis  yields 
but  99  per  cent  of  the  theoretical  carbon,  we  assume  that  the  heat  as 
measured  is  but  99  per  cent  of  the  true  value. 

Practically  all  of  the  combustions  were  made  at  the  room  tempera- 
ture within  a  few  degrees  of  20°  C,  and  hence  represent  calories  at 
20°  C.  In  all  instances  proper  corrections  were  made  for  the  ignition 
of  the  substance  by  means  of  the  cotton  string;  for  any  special  ignit- 
ing substance,  such  as  benzoic  acid  or  sugar,  when  used;  and  for  the 
heat  of  formation  of  the  nitric  acid  in  the  process  of  oxidation. 

The  substance  was  usually  burned  in  pellet  form,  occasionally  in 
loose  powder  in  the  bottom  of  the  capsule  covered  with  previously 
ignited  asbestos  and  the  liquid  materials  such  as  alcohol,  acetone, 
etc.,  were  burned  in  glass  bulbs.  The  results  as  finally  presented 
represent  the  averages  of  at  least  two  closely  agreeing  determinations. 
Frequently  four  or  more  combustions  were  made  with  satisfactory 
agreement. 

Materials  employed. 

In  all  instances  the  purest  kind  of  material  was  sought  for,  but  no 
particular  attention  was  paid  to  the  purification  of  the  materials 
secured,  as  we  rehed  solely  upon  the  carbon  determinations  to  indi- 
cate the  degree  of  purity. 
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Cane  sugar.  —  Inasmuch  as  it  was  possible  to  secure  very  pure 
cane  sugar  and  the  purification  of  benzoic  acid  is  not  very  difficult, 
these  two  compounds  were  used  as  the  basis  for  determining  the 
hydro  thermal  equivalent  of  the  bomb.  The  cane  sugar  was  that 
furnished  by  the  United  States  Bureau  of  Standards,  and  was  especially 
prepared  for  the  standardization  of  the  calorimetric  bomb.  Repeated 
determinations  of  carbon  showed  that  this  material  was  of  the  highest 
grade  of  purity. 

Benzoic  acid.  —  (CyHeOo).  This  product  was  supplied  by  Kahl- 
baum.  The  carbon  determinations  which  were  made  repeatedly 
showed  the  highest  degree  of  purity. 

Dextrose.  —  (C6H12O6).  Kahlbaum.  In  addition  to  the  carbon 
determinations,  the  solutions  of  this  material  were  carefully  controlled 
by  determining  the  rotation  in  an  accurate  polariscope,  all  tests  in- 
dicating the  highest  degree  of  purity.  Analysis  showed  39.90;  theory, 
39.98  per  cent. 

Levulose.  —  (CeHi^Oe).  Kahlbaum.  The  carbon  determinations 
showed  39.52  per  cent;  theory,  39.98  per  cent. 

Lactose.  —  (C12H22O11+H2O).  Merck.  Two  determinations  of  carbon 
showed  40.00  and  40.06  per  cent,  respectively;  theory,  39.98  per 
cent. 

Maltose.  —  (Ci2H220ii-fH20).  Kahlbaum.  Carbon  found  40.12 
per  cent;  theory,  39.98  per  cent. 

Glycogen.  —  (CeHioOs).  Specimen  A.  This  was  furnished  through 
the  kindness  of  Professor  Ernst  Weinland  of  Munich,  and  was  pre- 
pared from  ascaris.  Carbon  found,  43.24  per  cent  and  43.45  per 
cent;  theory,  44.42  per  cent.  This  specimen  gave  4212  calories  per 
gram,  calculated  on  the  carbon  per  cent. 

Specimen  B.  This  was  kindly  furnished  by  Professor  L.  B.  ^Nlendel 
of  Yale  University,  who  stated  that  it  represented  the  purest  speci- 
men at  the  time  in  the  laboratory,  but  called  attention  to  the  ash 
content.  Carbon,  42.44  per  cent  and  42.34  per  cent.  This  specimen 
gave  4241  calories  per  gram,  calculated  on  the  carbon  per  cent. 

Asparagine.  —  (C4H8N2O3+H2O).  Kahlbaum.  Carbon  found, 
31.96  per  cent;  theory,  31.96  per  cent. 

Aspartic  acid.  —  (C1H7NO4).  This  material  was  furnished  through 
the  kindness  of  Dr.  Thomas  B.  Osborne  of  the  Connecticut  Agricul- 
tural Experiment  Station,  New  Haven,  Conn.    It  was  in  the  form  of 
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well-defined  crystals  and  of  a  high  degree  of  purity,  as  the  analysis 
showed.     Carbon,  36.00  per  cent  found;  theory,  36.06  per  cent. 

Allantom.  —  (C4H6N4O3).  This  is  identical  with  the  allantoin 
used  so  extensively  by  Professor  F.  B.  Underbill  in  his  recent  re- 
searches, and  was  supplied  us  through  the  courtesy  of  Professor  L.  B. 
Mendel  of  Yale  University.  Carbon  found,  30.10  per  cent  and  30.31 
per  cent;  theory,  30.34  per  cent. 

Alanine.  —  (C3H7NO2).  This  substance  was  likewise  furnished 
through  the  kindness  of  Dr.  Osborne.  Carbon  found,  40.77  per  cent 
and  40.62  per  cent;  theory,  40.40  per  cent. 

Creatine.  —  (C4H9N3O2).  A  specimen  of  the  highest  degree  of 
purity  was  supplied  by  Professor  Otto  Fohn  of  the  Harvard  University 
Medical  School.  Carbon  found,  36.59  per  cent  and  36.50  per  cent; 
theory,  36.59  per  cent. 

Creatinine.  —  (C4H7N3O).  The  specimen  was  kindly  furnished  by 
Dr.  Folin.  Carbon,  41.99  per  cent  and  41.90  per  cent;  theory,  42.40 
per  cent. 

Cystin.  —  (C6H12N2S2O4).  Specimen  furnished  by  Dr.  Fohn.  The 
preparation  from  which  the  specimen  was  taken  has  been  analyzed 
repeatedly  ^  and  shown  to  be  exceedingly  pure. 

Glutaminic  acid.  —  (C5H9NO4).  Specimen  furnished  by  Dr.  Osborne. 
Carbon  found,  40.64  per  cent  and  40.63  per  cent;  theory,  40.79  per 
cent. 

Glycocoll.  —  (C2H5NO2).  Kahlbaum.  Carbon  found,  32.11  per 
cent;  theor};,  31.96  per  cent. 

Hip puric  acid.  —  (C9H9NO3).  Kahlbaum.  Carbon  found,  60.37 
per  cent  and  60.15  per  cent;  theory,  60.30  per  cent. 

Tyrosine.  —  (C9H11NO3).  The  specimen  was  furnished  by  Dr. 
Osborne.  Well  crystallized.  Carbon  found,  59.08  per  cent  and  59.04 
per  cent;  theory,  59.60  per  cent. 

Urea.  —  (CH4N2O).  Kahlbaum.  Carbon  found,  19.99  per  cent; 
theory,  19.97  P^r  cent. 

Uric  acid.  —  (C5H4N4O3).  Kahlbaum.  Carbon  found,  35.48  per 
cent  and  35.48  per  cent;  theory,  35.67  per  cent. 

Alcohol.  —  (C2H6O).  Obtained  from  Merck,  of  the  quahty  known 
as  "absolute"  alcohol.    Specific  gravity  at  15.6°  C,  as  determined  by 

^  Benedict,  S.  R.:  Journal  of  biological  chemistry,  1909,  vi,  p.  371;  W. 
Denis:  Ibid.,  1910,  viii,  p.  402. 


3o6  Albert  G.  Emery  and  Francis  G.  Benedict. 

a  Squibb  pyknometer,  was  .79794.  Carbon  analysis  showed  51.10 
per  cent  against  52.06  per  cent  theory.  The  heat  result  is  calculated 
with  the  carbon  determination  as  a  basis. 

Acetone.  —  (CsHeO).  Merck.  Carbon  found,  61.36  per  cent  and 
61.35  per  cent;  theory,  62.02  per  cent. 

^-oxybutyric  acid.  —  (C4H8O3).  Kahlbaum.  The  commercial 
product  was  racemic.  Carbon  found,  45.67  per  cent,  45.63  per  cent, 
and  45.65  per  cent;   theory,  46.11  per  cent. 

Lactic  acid.  —  (CsHeOs).  Kahlbaum.  Specific  gravity,  1.2 1.  The 
hygroscopic  nature  of  this  material  resulted  in  large  differences  in  the 
carbon  determination,  the  three  values  found  being  34.09,  39.01,  and 
35.38  per  cent,  respectively;  theory,  39.96  per  cent.  That  these  varia- 
tions in  percentage  were  due  wholly  to  water  is  shown  by  'the  fact  that 
the  heat  of  combustion  determined  on  these  materials  when  calcu- 
lated on  the  water-free  basis,  agreed  perfectly  in  all  cases. 

Glycerine.  —  (CsHsOs).  This  material  was  obtained  from  the  J. 
T.  Baker  Chemical  Co.  The  manufacturers'  analysis  stated  that 
the  water  was  the  only  impurity.  Carbon  found,  37.67  per  cent  and 
37.46  per  cent;  theory,  39.09  per  cent. 

Palmitic  acid.  —  (C16H32O2).  Kahlbaum.  Carbon  found,  74.82 
per  cent;  theory,  74.91  per  cent. 

Stearic  acid.  —  (C18H36O2).  Merck.  The  material  was  re-crystal- 
lized by  the  addition  of  water  to  a  warm  alcoholic  solution,  and  then 
dried  in  a  vacuum  desiccator.  Carbon  found,  75.79  per  cent  and 
76.19  per  cent;  theory,  75.91  per  cent 

Oleic  acid.  —  (C18H34O2).  Kahlbaum.  Carbon  found,  76.44  per 
cent  and  76.56  per  cent;  theory,  76.51  per  cent. 


Summary  of  Results. 

An  abstract  of  all  the  results  is  presented  herewith  in  tabular  form. 
Inasmuch  as  these  substances  are  selected  on  account  of  their 
physiological  importance,  it  seems  best  to  give  the  results  on  the  basis 
of  constant  pressure  ^  rather  than  of  constant  volume. 

Owing  to  the  differences  in  the  type  of  apparatus  used  and  the  de- 
velopment of  technique,  it  seems  hardly  advisable  to  enter  into  an 

8  Berthelot:  Thermochimie,  1897,  ii,  p.  30. 
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Heats  of  Combustiox. 


Substance. 


Dextrose 
Levulose 
Lactose  . 
Maltose 
Glycogen 
Alanine  . 
Allantoin 
Asparagine  . 
Aspartic  acid 
Creatine  .  . 
Creatinine 

Cystin    .    .    . 

Glutaminic 
acid 


Formula. 


C6H12O6 

CeHioOe 

C12H22O11-J-H2O 

Ci2H220n+H20 

(CeHioOs) 

C3H7NO2 

C4H6N4O3 

C4H8N2O3+H2O 

C4H7NO4 

C4H9N3O2 

C4H7N3O 

C6H12N2S2O4 

C6H9NO4 


Heat  com 

bastion  at 

constant 

prtssure. 


cal. 

3739 
3729 
3737 
3776 
4227 
4401 
2584 
3065 
2882 
4240 
4988 
4137 
3662 


Substance. 


GlycocoU 

Hippuric 
acid    . 

TjTosine 
Urea  .  . 
Uric  acid 
Acetone 

Alcohol . 

(S-oxj-butjTic 
acid 

Lactic  acid    . 
Glycerine  .    . 

Palmitic  acid 

Stearic 
acid 

Oleic  acid 


Formula. 


C2H5NO2 

C9H9NO3 

C9HUNO3 

CH4N2O 

C5H4N4O3 

C3H6O 

CoHeO 

C4HSO3 

C3H6O3 

C3H3O3 

C16H32O2 

C18H36O2 

C18H34O2 


Heat  com- 
bustion at 
constant 
pressure. 


cal. 

3110 
5660 
5915 
2528 
2737 
7429 
7104 
4693 
3615 
4323 
9318 
9499 
9423 


extensive  comparison  of  these  results  with  those  of  earher  writers. 
It  is  hoped,  however,  that  they  may  be  of  value  in  computing  the 
energy  transformations  in  experiments  made  either  with  or  without 
the  respiration  calorimeter.  While  the  energy  value  of  normal  urine 
may  be  approximately  obtained  from  the  nitrogen  content,  yet  in 
certain  cases  of  pathological  urine,  as,  for  instance,  in  diabetes,  one 
should  know  that  for  every  gram  of  /3-oxybutyric  acid  excreted  per 
day  there  is  a  loss  of  4693  calories;  this  must  be  ultimately  taken  into 
consideration  with  fully  as  much  care  as  is  now  customary  in  comput- 
ing the  energy  lost  in  the  urine  through  the  sugar  excreted. 


ON  THE  FUNCTIONS  OF  THE  CEREBRUM:  CONCERN- 
ING THE  LATERAL  PORTIONS  OF  THE  OCCIPITAL 
LOBES. 

By  shepherd   IVORY  FRANZ. 

[From  Ike  Laboratories  of  the  Government  Hospital  for  the  Insane,  Washington,  D.  C] 

QINCE  the  early  experiments  on  the  occipital  lobes  it  has  been  be- 
^  lieved  that  these  parts  of  the  brain  are  connected  with  the  eyes 
and  that  they  subserve  certain  visual  functions.  Although  not  dis- 
tinctly stated,  it  has  been  assumed  that  the  occipital  cortex  acts 
solely  in  connection  with  visual  processes,  and  that  the  differences 
in  a  real  localization  of  this  function  in  man  and  in  animals  are  due 
to  differences  in  cerebral  characteristics.  That  the  latter  is  so  can- 
not be  doubted,  but,  on  the  other  hand,  the  assumption  of  a  unified 
function  for  the  whole  of  the  occipital  cortex  appears  to  be  more 
open  to  question. 

Recent  histological  studies  have  shown  that  the  occipital  lobes  are 
not  anatomically  single,  and  that,  in  fact,  they  may  be  divided  into 
two  or  three  areas  with  cell  and  fibre  laminations  differing  from  each 
other. ^  The  m.ost  generally  accepted  division  is  into  two  areas.  One 
of  these  extends  along  and  into  the  calcarine  fissure,  and  crops  out 
for  a  short  distance  on  the  lateral  aspect  of  the  hemisphere  in  man, 
but  in  the  monkey  includes  most  of  the  area  bounded  by  the  inferior 
occipital  and  the  parieto-occipital  fissures.  The  other  surrounds  the 
first  area,  extending  about  0.5  to  i  cm.  beyond  it.  The  first  area  has 
been  called  by  Bolton  "visuo-sensory,"  and  the  second  "visuo- 
psychic,"  it  being  supposed  that  the  larger  area  (especially  that  along 
the  calcarine  fissure  in  man)  has  a  direct  correspondence  with  the 
retinal  segments  and  is  concerned  with  visual  sensations,  and  that 
the  smaller,  surrounding  area  is  concerned  with  the  elaboration  or 

'  See  especially  K.  Brodmaxn:  Vergleichcndc  Lokalisationslehrc  der  Gross- 
hirnrinde  in  ihren  Prinzipien  dargestellt  auf  Gnind  des  Zellenbaucs.  Leipzig 
Earth,  1909.     Pp.  334. 
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association  of  the  sensory  processes.  Although  direct  physiological 
or  clinical  evidence  is  lacking,  it  has  been  concluded  that  the  similari- 
ties in  structure  of  the  different  parts  of  the  visuo-sensory  cortex 
indicate  a  sameness  in  function  and  that  the  dissimilarities  of  the 
visuo-sensory  and  the  visuo-psychic  areas  necessarily  mean  func- 
tional differences. 

It  will  be  remembered  that  Ferrier,  Goltz,  Luciani,  Munk,  Schafer, 
and  many  others  investigated  this  general  region  of  the  cortex  by 
physiological  methods  and  that  in  general  they  agree  that  lesions  of 
the  occipital  lobes  are  accompanied  by  losses  of  visual  ability.  This 
general  conclusion  has  been  supported  by  the  correlation  of  visual 
defects  and  cerebral  changes  in  man  by  many  investigators. 
Henschen  in  particular,  has  localized  along  the  calcarine  fissure  the 
areas  concerned  with  visual  sensations  or  perceptions  and  has  sup- 
posed that  there  is  an  almost  accurate  representation  of  the  retina 
in  this  part  of  the  cortex.  It  will  also  be  remembered  that  upon 
stimulation  of  parts  of  this  region  movements  of  the  eye  and  of  asso- 
ciated parts  have  been  observed,  and  several  investigators  have  cor- 
related the  movements  with  definite  cortical  areas.  Although  part 
of  the  occipital  cortex  has  been  called  visuo-psychic,  facts  which 
would  warrant  this  conclusion  are  very  few  and  those  obtained  on 
animals  are  of  no  value.  In  an  area  adjoining  the  occipitals  visual 
speech  function  has  been  located  by  some,  but  others  have  located 
this  function  in  the  angular  gyrus,  which,  it  will  be  remembered,  was 
believed  by  Ferrier  to  have  the  visual  functions  assigned  by  others 
to  the  occipital  lobes. 

Because  of  the  dissimilarities  in  structure  of  these  two  closely  con- 
nected areas,  and  because  of  the  equivocal  nature  of  the  functional 
evidence  in  differentiation,  it  seemed  advisable  to  attempt  to  discover 
a  possible  physiological  difference.  Especially  because  of  the  differ- 
ences in  explanations  of  the  schools  of  Goltz  and  Munk,  it  was  deemed 
advisable  to  learn  how  a  monkey  deprived  of  part  of  the  occipital 
visuo-sensory  cortex  would  behave  and  to  compare  these  reactions 
with  those  of  the  animals  deprived  of  the  so-called  visuo-psychic 
cortex  and  with  those  of  a  normal  animal.  As  it  progressed,  the 
work  developed  along  diff'erent  lines  and  the  present  communication 
deals  exclusively  with  the  so-called  visuo-sensory  cortex. 

For  the  determination  of  the  visual  processes,  in  addition  to  the 
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usual  method  of  causal  observation,  I  employed  a  method  similar  to 
that  used  by  me  in  former  work  on  the  cerebrum.^  This  method,  in 
brief,  consists  in  the  establishment  of  a  definite  association  and  the 
determination  of  the  presence  or  absence  of  this  association  after  a 
certain  part  of  the  nervous  system  is  destroyed.  In  the  present  series 
of  tests  the  animals  were  taught,  or  acquired,  visuo-motor  associations. 
Pieces  of  bread,  of  equal  sizes,  were  dipped  into  colored  solutions 
(Congo  Red,  Toluidin  Blue,  Methyl  Orange,  Methyl  Orange  and 
Smargd  Griin),  making  the  breads  respectively  red,  blue,  yellow,  and 
green.  The  red  and  blue  breads  were,  furthermore,  sweetened  by 
the  addition  of  saccharin,  and  the  yellow  and  green  were  made  bitter 
by  the  addition  of  quinine.  These  breads,  in  pairs,  by  threes,  or  by 
fours,  were  presented  to  the  animals,  and  within  a  few  days  (thirty  or 
forty  tests)  the  animals  learned  to  discriminate  the  sweet  (red  or  blue) 
from  the  bitter  (yellow  and  green)  breads. 

After  the  visuo-motor  association  was  formed  a  part  of  the  visuo- 
sensory  cortex  was  destroyed  by  an  electric  thermo-cautery,  or  a 
part  of  the  occipital  pole  was  separated  from  the  remainder  of  the 
brain  by  a  frontal  incision.  After  the  death  of  an  animal  the  brains 
were  photographed,  and  there  was  made  a  careful  histological  ex- 
amination of  the  portion  affected  by  the  lesion  and  of  the  neighbor- 
ing areas.  The  degenerated  areas  (determined  by  microscopical  ex- 
amination) were  marked  on  tracings  of  the  photographs,  and  the 
figures. with  this  article  are  reproductions  of  the  reconstructions. 

Eight  animals  were  used  in  this  work,  in  seven  of  which  the  lateral 
portions  of  the  visuo-sensory  cortex  were  destroyed,  and  in  one  of 
which  the  similar  type  of  cortex  along  the  calcarine  area  was  affected. 
Brief  case  histories  of  only  two  animals  will  be  given  here.^ 

Monkey  i.  Operation^  November  27,  1909. — An  attempt  was 
made  to  sever  both  occipital  lobes  from  the  rest  of  the  cerebrum, 
the  cuts  being  made  posterior  to  the  parieto-occipital  fissure.    Dur- 

2  On  the  functions  of  the  cerebrum:  The  frontal  lobes  in  relation  to  the  pro- 
duction and  retention  of  simple  sensory-motor  habits.  This  journal,  1902,  viii, 
pp.  1-22.  On  the  functions  of  the  cerebrum:  The  frontal  lobes,  N.  Y.,  The 
Science  Press,  1907,  pp.  64. 

•*  For  fuller  details  of  these  and  of  the  other  six  cases  the  reader  is  referred  to 
a  forthcoming  monograph:  On  the  functions  of  the  cerebrum,  The  occipital 
lobes.    By  Shepherd  Ivory  Franz  with  the  co-operation  of  G.  R.  Lafora. 
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ing  a  few  hours  after  the  operation  it  was  found  that  the  pupils  were 
widely  dilated.  The  attention  of  the  animal  was  easily  attracted,  and 
it  took  pieces  of  food  and  other  materials  placed  on  the  floor  of  the 
cage  or  held  in  the  observer's  hand.  The  movements  which  were 
made  were,  however,  not  accurate,  and  in  taking  food  which  was  held 
outside  of  the  cage  in  which  it  was  placed  the  animal  usually  placed 
its  hand  from  2.5  to  5  cm.  from  the  food.  These  movements  were 
slow  and  indecisive  and  quite  unlike  those  of  the  normal  animal. 
In  making  these  movements  the  arm  at  times  moved  toward  the  food 
or  in  the  direction  of  the  food,  but  when  the  hand  was  about  7  or  8 
cm.  distant  from  the  object  an  additional  adjustment  was  made  so 
that  the  food  could  be  grasped.  It  appeared  that  the  initial  adjust- 
ment was  inaccurate,  that  the  distance  or  the  direction  was  not 
properly  perceived,  but  that  after  the  initial  part  of  the  movement 
the  discrepancy  was  appreciated  and  the  second  adjustment  was 
made.  It  should  be  noted  that  even  though  the  second  adjustment 
was  made  this  did  not  always  enable  the  animal  to  reach  the  food, 
and  at  times  the  fruit  or  nuts  were  obtained  only  after  groping. 

That  the  visual  ability  (per  se)  was  not  affected  was  evidenced  by 
the  fact  that  the  animal  made  grasping  movements  for  certain  kinds 
of  food  and  not  for  others.  It  selected  certain  kinds  of  fruit  for  which 
it  had  shown  a  liking  previous  to  the  operation,  and  it  disregarded 
pieces  of  bread  (of  which  it  was  not  particularly  fond)  when  they 
were  presented  in  a  series  in  which  fruit  or  nuts  were  being  given 
him.  This  animal  previous  to  the  operation  had  learned  to  discrimi- 
nate yellow  (bitter)  and  red  (sweet)  breads,  and  two  days  after  the 
operation  in  similar  tests  no  mistakes  were  made. 

Observations  of  this  animal  continued  for  a  period  of  about  four 
months.  During  the,  early  days  following  the  operation  the  only 
defect  that  could  be  determined  was  the  inability  to  make  accurate 
adjustments  in  the  selection  of  food.  After  a  week  it  was  almost 
impossible  to  determine  any  defect  even  in  the  motor  adjustment. 
Since  the  operation  had  produced  none  of  the  marked  visual  altera- 
tions noted  by  most  previous  observers,  and  since  the  areas  affected 
by  the  section  were  not  easily  determinable  ante  mortem,  a  second 
operation  was  made.  In  the  intervening  period  of  four  months  the 
animal  was  not  practised  much  on  the  discrimination  of  the  colored 
breads,  but  a  sufficient  number  of  tests  was  made  so  that  the  habit 
was  not  lost. 
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Second  Operation,  April  i,  1910. — At  the  second  operation  the 
cortex  on  the  lateral  aspects  of  both  occipitals  was  burned  with  the 
cautery.  For  some  time  after  this  operation  the  animal  was  inactive, 
but  in  about  two  days  returned  to  its  normal  degree  of  activity.  The 
movements,  however,  were  awkward  and  slow;  food  which  was 
presented  was  sometimes  taken  and  sometimes  not  taken,  and  when 


Figure  1 .  —  Lateral  and  mesial  aspects  of  the  cerebral  hemispheres  of  Monkey  1,  show- 
ing the  parts  of  the  cortex  destroyed  by  the  second  operation.  The  latter  is  recon- 
structed from  the  microscopical  examination.     Slightly  reduced  (c/.  scale). 


the  movements  of  grasping  were  made  these  were  inaccurate.  The 
animal  made  a  few  mistakes  in  the  selection  of  the  yellow  breads, 
but  these  were  judged  to  be  due  to  inaccuracies  in  movement  more 
than  inaccuracies  in  perception,  for  in  these  tests  both  pieces  of  bread 
(they  were  presented  simultaneously)  were  taken  at  one  time.  Tests 
of  the  extent  of  the  visual  field  failed  to  show  contraction  or  other 
defects.  Subsequent  examinations  did  not  reveal  further  deviations 
from  the  normal,  except  that  the  animal  became  stupid  and  refused 
to  eat,  nine  days  after  the  operation.  At  this  time  he  was  killed.  At 
the  autopsy  and  subsequent  microscopical  examinations  it  was  found 
that  the  lateral  aspects  of  both  occipital  lobes  were  almost  com- 
pletely destroyed.  The  lesion  involved  almost  all  of  the  cortex  in 
this  region,  but  the  calcarine  fissures  (also  visuo-sensory  type  of 
cortex)  were  not  affected  except  at  their  most  posterior  extremities. 


On  the  Functions  of  the  Cerebrum.  313 

The  accompanying  figure  (Fig.  i)  indicates  the  extent  of  the  lesions 
in  this  animal,  the  parts  in  black  being  the  parts  which  the  micro- 
scopical examinations  showed  to  be  destroyed.  For  comparison 
with  this,  the  part  of  the  visuo-sensory  cortex  which  was  not  de- 
stroyed is  illustrated  by  horizontal  lines.  It  will  be  noted  that  only 
a  small  portion  of  the  visuo-sensory  cortex  on  the  convexity  of  both 
hemispheres  has  escaped  destruction,  but  that  on  the  mesial  sur- 
faces very  little  of  the  calcarine  region  has  been  aiJected. 

Monkey  $.■ —  In  the  training  series,  this  animal  was  presented 
with  blue  (sweet),  yellow  (bitter),  and  green  (bitter)  breads.  The 
discrimination  was  perfected  and  operation  was  performed  August 
26,  1910.  At  the  operation  the  cortex  was  cauterized,  the  cautery 
being  inserted  along  the  mesial  aspect  more  than  in  Monkey  i .  Four 
and  one-half  hours  after  the  operation  he  appeared  fairly  normal, 
picked  from  the  floor  pieces  of  food,  the  color  of  which  was  similar 
to  that  of  the  floor.  The  movements  were  fairly  accurate  when  the 
food  was  placed  not  more  than  30  cm.  from  the  animal,  but  inaccu- 
rate when  it  was  placed  farther  away.  With  the  exception  of  the  in- 
accuracy the  monkey  was  quite  like  a  normal  animal  for  several 
days,  but  then  developed  visual  disturbances.  A  test  of  the  visual 
fields  was  made  by  placing  fruit  on  the  ends  of  wires  and  having 
these  approach  the  animal  from  all  quarters.  It  was  found  that 
the  food  held  in  the  upper  left  field  was  always  seized  immediately, 
but  that  in  other  parts  it  was  not  as  quickly  or  as  accurately  taken. 
Tests  with  the  colored  breads  for  determining  the  retention  of  the 
color  discrimination  ability  were  rather  unsuccessful  at  first,  but  later 
tests  showed  that  the  animal  retained  this  ability  to  some  extent, 
but  the  tests  could  not  be  counted  entirely  successful.  On  the  suc- 
ceeding days  the  animal  showed  greater  inaccuracies.  Seven  days 
after  the  operation  food  was  obtained  by  the  animal  only  by  grop- 
ing on  the  floor  and  by  taking  the  food  which  was  placed  within  a 
few  centimetres  of  its  nose.  This  remark  does  not  apply  to  food 
held  in  the  upper  left  field,  since  the  animal  appeared  to  be  able  to 
sense  food  in  that  direction  although  the  movements  which  were 
made  were  rather  awkward.  On  the  tenth  and  eleventh  days  tests 
showed  the  animal  to  be  practically  blind. 

The  animal  was  killed  and  the  autopsy  performed  on  the  eleventh 
day.    The  results  of  the  microscopical  examination  are  shown  in  the 


314  Shepherd  Ivory  Franz. 

accompanying  figure  (Fig.  2),  which  indicates  that  the  greatest  amount 
of  destruction  has  taken  place  along  the  calcarine  fissure,  especially 
on  the  left  side.  On  this  side  it  will  be  noted  that  the  cortex  sur- 
rounding the  calcarine  fissure  has  been  practically  completely  de- 
stroyed, while  on  the  other  side  the  destruction  around  the  same 
fissure  is  limited  to  the  posterior  portion.    The  comparison  of  these 


Figure  2.  —  Lateral  and  mesial  aspects  of  the  cerebral  hemispheres  of  Monkey  5,  show- 
ing the  extents  of  the  lesions  produced  at  the  operation.    Slightly  reduced  (c/.  scale) . 


figures  with  those  of  Monkey  i  shows  that  these  lesions  are  some- 
what complementary  in  extent,  viz.,  that  the  lesion  in  Monkey  5 
involved  more  of  the  visuo-sensory  cortex  surrounding  the  calcarine 
fissure,  while  that  in  Monkey  i  was  chiefly  of  the  visuo-sensory  cortex 
on  the  lateral  portions  of  the  cerebrum.  Although  the  histological 
pictures  are  not  entirely  clear,  it  seemed  likely  that  the  primary 
lesion  on  the  left  side  was  similar  to  that  on  the  right,  and  that  the 
involvement  of  the  anterior  portion  of  the  calcarine  fissure  was  a 
secondary  extension  of  the  lesion. 

The  other  six  monkeys  were  operated  upon  in  such  a  way  that  the 

lateraljp.Qrtion  of  the  visuo-sensory  cortex  was  the  seat  of  the  greatest 

-'clestruction,  a'JJti  in  ah  0/  th.e5vS  ^iimfafs  tfie  fesibhs  cafrp5ponHed  closely 

with  those  in  Monkey  i  and  the  defects  accompanying  the  o^^eration 

were  similar  to  those  in  this  animal. 
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The  observations  which  were  made  on  all  animals  show  that  de- 
struction of  the  lateral  portions  of  the  so-called  visuo-sensory  cortex 
is  accompanied  by  derangements  of  a  character  which  are  not  strictly 
visual.  The  results  of  the  destruction  of  these  regions  are  not  as 
marked  as  those  which  have  been  reported  by  many  previous  in- 
vestigators, and  it  will  be  necessary  to  consider  what  the  various 
facts  are  and  how  they  may  be  explained. 

The  effects  of  the  operations  may  be  grouped  into  four  general 
classes:  {a)  the  ability  of  the  eyes  to  move;  {h)  the  extent  of  the  visual 
field ;  (c)  the  visual  discrimination  ability  and  {d)  the  ability  of  visuo- 
motor  co-ordination.  In  none  of  the  animals  were  all  of  these  factors 
affected  by  the  operation,  and  it  will  be  necessary  to  refer  to  animals 
other  than  those  which  have  been  described  here. 

Pupillary  disturbances  were  found  in  three  animals  (Monkeys  i, 
2,  and  8).  One  animal  (Monkey  2)  showed  tremor  of  the  eyelids; 
another  animal  (Monkey  i)  showed  an  inward  and  upward  turning 
of  the  eyes,  and  in  Monkey  8  the  eyes  were  directed  toward  the  right 
and  this  was  accompanied  by  a  nystagmus.  A  fourth  animal,  at  the 
time  the  occipitals  were  being  cut,  exhibited  a  slow  upward  rotation 
of  one  eye.  Since  these  oculo-miotor  disturbances  were  found  in  only 
four  of  the  seven  animals,  it  cannot  be  concluded  that  the  effect  or 
effects  of  the  operation  were  principally  visuo-motor.  This  is  also 
borne  out  by  the  fact  that  the  defects  which  were  noted  by  me  lasted 
for  only  a  few  hours  or  days,  and  it  appears  probable  that  these  are 
irritative  phenomena  rather  than  phenomena  of  defect.  In  all  animals 
eye  movements,  e.  g.,  those  of  following  a  moving  piece  of  food,  were 
normal. 

The  tests  of  the  extent  of  the  visual  field  were  not  successful  in  all 
animals,  but  the  observations  indicate  no  correlation  between  any 
particular  portion  of  the  field  and  the  lateral  part  of  the  visuo-sensory 
cortev. 

It  may  be  said  that  with  the  exception  of  Monkey  5  the  operations 
did  not  produce  any  alteration  in  the  ability  of  the  animals  to  dis- 
criminate objects.  In  all  cases  the  animal  was  able  to  pick  objects 
from  the  floor  of  the  cage,  to  select  objects  and  to  convey  them  to 
the  mouth.  Monkey  5,  as  has  been  noted,  showed  an  inability  to  do 
this  after  some  days.  All  the  animals  retained  the  abihty  of  color 
discrimination,  and  all  showed  evidence  of  ability  to  discriminate 
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different  kinds  of  food.  Before  the  operations  some  of  these  animals 
had  exhibited  distinct  preferences  for  certain  kinds  of  food,  and 
these  preferences  were  shown  after  the  operation  by  the  selection 
of  these  foods  and  the  disregard  of  others.  In  these  experiments 
foods  were  placed  at  such  a  distance  from  the  animal  and  often  so 
close  together  that  it  would  stretch  a  point  to  conclude  that  dis- 
crimination could  have  taken  place  because  of  differences  in  the  odor 
of  the  foods,  for  we  should  have  to  conclude  that  foods  only  2  to  3  cm. 
apart  could  be  detected  by  the  direction  of  the  individual  odors. 

No  paralyses  were  noticed,  but  the  movement  disturbances  (grasp- 
ing of  food)  were  similar  in  all  animals.  The  variations  were  of  two 
kinds,  time  and  accuracy.  All  of  the  animals  showed  one  or  the  other, 
and  usually  both,  of  these  variations  from  the  normal.  In  the  case 
histories  of  each  of  the  experiments  it  was  repeatedly  noted  that  the 
movements  were  deliberate,  or  were  inaccurate,  or  were  slow,  or  were 
indecisive.  The  movements  of  the  hand  in  the  grasping  of  food  and 
other  objects  were  inaccurate,  however,  only  when  the  eyes  were  a 
factor  in  the  production  of  the  movement.  It  was  repeatedly  noted 
that  when  food  and  other  objects  were  held  so  that  they  touched  the 
hair  of  the  animal  the  food  was  accurately  grasped  and  conveyed  to 
the  mouth.  Similarly,  when  food  was  held  in  front  of  the  nose,  so  that 
it  could  be  smelled,  the  movements  were  quick  and  accurate.  It  is 
apparent  that  the  defect  present  in  these  cases  is  a  disturbance  of 
association  between  the  visual  sensations  and  the  movement.  We 
know  that  simple  movements  of  this  character  depend  upon  a  number 
of  factors,  by  the  proper  combination  of  which  we  get  accuracy  and 
speed.  If  any  of  the  factors  be  disturbed,  either  the  speed  or  the 
accuracy,  or  both,  may  be  impaired.  We  may  divide  these  factors 
into  two  different  kinds,  motor  and  sensory.  If  one  of  these  be  dis- 
turbed, movements  as  a  whole  may  be  affected  or  may  be  lacking. 
For  example,  if  the  arm  be  paralyzed  the  movement  is  impossible, 
even  though  visual  discrimination  takes  place.  If,  on  the  other  hand, 
an  animal  be  blind,  the  animal  cannot  grasp  food  because  it  cannot 
see  it.  It  makes  no  difference  in  a  general  way  which  of  these  two 
primary  elements  be  affected,  the  result  is  eventually  the  same. 

That  the  results  which  were  obtained  in  these  animals  were  not 
due  to  a  motor  defect  is  clearly  evidenced  by  the  fact  that  when  the 
animal  made  grasping  movements  for  objects  held  close  to  the  body, 
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these  movements  were  performed,  and  repeatedly  performed,  with 
great  accuracy.  Only  movements  connected  with  visual  processes 
were  inaccurate  and  slow.  Considering  the  sensory  side  it  was  noted 
that  all  of  the  animals  were  able  to  discriminate  one  kind  of  food 
from  another  and  one  color  from  another.  This  indicates  very  plainly 
that  the  visual  discrimination  function,  per  se,  was  not  affected,  and 
this  could  not  have  produced  the  disturbances  of  movement.  We 
must,  therefore,  look  farther  for  an  explanation  of  the  phenomena. 

We  know  that  in  the  production  of  any  movement  elements  other 
than  the  visual  play  a  part.  These  elements,  which  we  must  con- 
sider in  any  visuo-motor  association,  are  the  sensory  elements  con- 
nected with  th-e  movements  of  the  eye.  There  are  two  of  these:  the 
adaptation  of  the  eye  (movements  of  the  lens  in  the  formation  of  the 
image)  and  the  accommodation  of  the  eye  (action  of  the  extrinsic 
eye  muscles).  If  we  rule  out  the  possibility  of  defect  of  the  visual 
sensations,  and  of  paralysis,  as  we  have  done,  we  are  forced  to  con- 
clude that  the  inaccuracies  in  movement  associated  with  the  lesions 
of  the  lateral  portions  of  the  occipital  cortex,  are  due  to  some  kind 
of  disturbances  of  the  sensations  from  the  eye  muscles.  From  these 
experiments  we  are  unable  to  determine  which  of  the  two  factors  is 
the  more  important  in  the  production  of  the  abnormality,  and  it  seems 
unlikely  that  a  further  attempt  at  such  a  differentiation  will  be  suc- 
cessfully made  on  account  of  the  limitation  of  method.  The  lack  of 
the  means  of  communication  by  speech  limits  our  inquiry,  and  the 
less  direct  methods  give  equivocal  data. 

Summary. 

The  results  of  this  study  show  that  upon  extirpation  of  the  lateral 
portions  of  the  so-called  visuo-sensory  cortex,  defects  are  produced 
which  are  not  visual  in  character,  but  which  may  be  considered  visuo- 
motor.  These  defects  do  not  depend  upon  motor  inability  nor  upon 
visual  defects  per  se,  but  upon  changes  in  the  sensory  or  afferent  ele- 
ments of  the  portions  of  the  eyes  which  are  normally  used  in  the 
production  of  oculo-motor  associations.  It  appears  to  me  very  prob- 
able, therefore,  that  the  parts  of  the  brain  which  have  been  destroyed 
have  a  sensory  function,  but  this  sensory  function  is  one  connected 
with  the  eye  muscles  and  not  necessarily  with  the  retina. 


THE   PHYSIOLOGICAL   EFFECTS   OF  ALIL\LOIDS 
OF  ZYGADENUS   INTERMEDIUS. 

By  PHILIP   H.   MITCHELL  and   GEORGE   SIMITH. 

[From  the  Biological  Laboratory  of  Brown  University.] 

'7YGADENUS  intermedins  is  one  of  the  several  varieties  of  the 
plants  formerly  called  Zygadenus  venosus  and  popularly  known 
as  death  camas.  They  have  also  been  designated  by  a  number  of 
other  names,  among  which  are  wild  onion,  mystery  grass,  lobelia,  and 
poison  sego  lily.  Their  economic  significance,  as  pointed  out  by 
Chestnut  and  Wilcox,^  is  considerable  because  of  their  prevalence  on 
the  sheep  and  cattle  ranges  of  many  western  states  and  their  highly 
toxic  effect  on  the  animals,  especially  sheep,  which  eat  them.  Start- 
ing up  in  the  spring  earlier  than  the  grass  but  resembling  it  in  form 
and  texture,  these  plants  are  so  attractive  to  sheep  that  they  are  an 
enemy  which  the  rancher  must  reckon  with.  During  the  season  of 
1900  in  Montana  alone  3,030  sheep  were  reported  to  be  poisoned  by 
various  varieties  of  Zygadenus. 

Chestnut  and  Wilcox  ^  have  carried  out  some  experiments  on  the 
injection  of  watery  and  alcoholic  extracts  of  Zygadenus  venosus  as 
well  as  feeding  experiments.  They  considered  that  some,  at  least, 
of  the  plants  which  they  used  may  have  been  Zygade^ms  intermedins. 
The  sheep  and  rabbits  used  in  their  experiments  showed  symptoms 
of  poisoning,  such  as  dizzy  movements,  slow  and  labored  or  convul- 
sive respiration,  and  finally  a  deep  coma  which,  if  sufhcient  poison 
had  been  administered,  terminated  fatally.  The  effects  were  ap- 
parently the  same  after  injection  of  extracts  or  feeding  of  plants,  and 
were  identical  with  those  observed  in  animals  poisoned  on  the  open 
ranges.  These  authors  showed  that  all  parts  of  the  plant  contain 
toxic  substances,  so  that  the  belief  formerly  held  that  animals  must 
eat  the  bulb  or  root  to  be  poisoned  is  erroneous.    They  found  that  of 

1  Chestnut  and  Wilcox:  U.  S.  Department  of  Agriculture  Bulletin  No.  26, 

1901. 
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the  substances  which  they  tried  as  antidotes  potassium  permanganate 
was  the  most  effective.  For  sheep  and  cattle  they  advised  giving  it 
in  the  form  of  a  drench  consisting  of  aluminium  sulphate  as  well  as 
potassium  permanganate  dissolved  in  water. 

No  further  work  on  the  effects  of  this  poison  has,  so  far  as  the  authors 
know,  been  reported.  Little  is  known  of  the  chemical  nature  of  the 
active  principle.  Slade  ^  concluded  from  certain  color  tests  that  the 
plants  contained  the  alkaloids  sabadine,  sabadinine,  and  veratral- 
bine.  Heyl  and  Raiford  ^  have  made  alkaloidal  preparations  from 
leaves,  flowers,  bulbs,  and  roots  of  the  intermedins  variety  and  have 
shown  that  alkaloids  are  especially  abundant  in  the  flowers. 

Some  alkaloidal  material  prepared  by  them  was  sent  to  the  authors 
of  the  present  paper  for  the  purpose  of  determining  its  toxicity.  The 
results  cf  injections  into  guinea-pigs  w^ere  sufflciently  complex  and 
interesting  to  warrant  a  more  detailed  analysis  of  the  pharmacological 
action  of  the  preparation.  This  report  is  concerned  with  experiments 
carried  out  with  that  preparation  only.  It  consisted  of  alkaloids, 
presumably  a  mixture,  prepared  from  various  parts  of  Zygadenus 
intermedins  according  to  the  methods  reported  by  Heyl  and  Raiford  ^ 
and  held  in  17.5  per  cent  aqueous  solution  in  the  form  of  sulphates. 


Experiments. 

I.  The  fatal  dose  for  guinea-pigs.  —  To  obtain  some  idea  of  the 
relative  toxicity  of  the  preparation,  intraperitoneal  administration 
to  guinea-pigs  was  employed.  Injections  of  the  alkaloidal  solution 
diluted  with  sterilized  physiological  saline  were  made  aseptically. 

In  Table  I  the  results  are  shown  arranged  in  the  order  of  the  dose 
per  100  gm.  of  guinea-pig.  The  fatal  dose  is  seen  to  be  between  4.6 
and  5.1  mgm.  per  100 gm.  of  animal.  It  is  probably  nearer  the  lower 
than  the  upper  of  these  limits,  because  the  animal  which  received  4.6 
mgm.  per  100  gm.  recovered  only  with  great  difficulty  after  a  long 
period,  eighteen  hours,  and  seemed  at  least  twice  during  that  time  to 
be  in  its  death  struggle.    This  injection,  therefore,  was  probably  very 

2  Slade:  American  journal  of  pharmacology,  1905,  Ixxvii,  p.  262. 

3  Heyl  and  Raiford:  Journal  of  the  American  Chemical  Society,  191 1, 
xxxiii,  p.  206. 


320 


Philip  H.  Mitchell  and  George  Smith. 


near  the  fatal  dose.  In  the  case  of  the  injection  of  5.1  mgm.  per  100 
gm.,  on  the  other  hand,  death  ensued  in  so  short  a  time,  twenty-five 
minutes,  that  this  dose  was  perhaps  a  Httle  more  than  the  fatal  one. 
These  results  indicate  therefore  that  we  have  a  substance  of  marked 
toxicity. 

TABLE   I. 

IXTRAPERITONEAL   INJECTIONS   INTO    GUINEA-PIGS. 


Weight  of 
guinea-pig. 

Volume  of 
solution. 

Amount  of 
sulphate. 

Dose  per 
100  gm.  of 

animal. 

Result. 

Time  be- 
tween in- 
jection and 
death. 

Time  be- 
tween in- 
jection and 
recovery. 

gm. 

485 

c.c. 

2.0 

gm. 

0.05 

0.0111 

Death 

min. 

19 

hours 

364 

1.6 

0.04 

0.0104 

Death 

23 

315 

4.0 

0.028 

0.0090 

Death 

21 

322 

3.5 

0.0245 

0.0076 

Death 

31 

332 

2.9 

0.02 

0.0060 

Death 

26 

290 

2.1 

0.015 

0.0051 

Death 

25 

305 

2.0 

0.014 

0.0046 

Recovery 

18 

300 

1.0 

0.0035 

0.0011 

Recovery 

3 

It  seemed  important  also  to  test  the  effect  of  administration  per  os. 
The  undiluted  alkaloidal  solution  as  furnished  us  was  put  in  small 
gelatin  capsules  and  fed  to  guinea-pigs  by  forcing  the  capsules  into 
the  back  of  the  mouth  through  a  glass  tube.  The  results  are  arranged 
in  Table  II,  and  apparently  indicate  that  a  comparatively  large 
quantity  (0.2  gm.)  is  required  for  the  fatal  effect.. 

The  actual  fatal  dose  absorbed  from  the  digestive  organs  is  not, 
however,  as  large  as  these  figures  would  seem  to* show.  A  considerable 
quantity  of  the  material  fed  was  vomited  up  before  it  was  absorbed, 
because  the  substance,  as  will  be  explained  below,  is  a  very  powerful 
emetic.  Another  factor  tending  to  diminish  the  toxicity  when  fed 
is  the  power  of  the  organism  to  effect  an  oxidative  destruction  of  the 
alkaloid  before  a  fatal  amount  has  been  absorbed.  This  eft'ect  is 
illustrated  by  the  rather  quick  recovery  of  guinea-pigs  from  the 
effects  of  injection  of  small  doses.     For  example,  in  the  last  experi- 
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ment  recorded  in  Table  I,  3.5  mgm.  produced  very  profound  symptoms 
of  poisoning,  but  these  had  entirely  passed  away  within  three  hours. 
In  another  experiment,  not  recorded  above,  the  subcutaneous  injec- 
tion of  3.7  mgm.  produced  undoubted  effects  which  had  all  disap- 
peared in  an  hour  and  a  half.     It  does  not  seem  necessary  then  to 

TABLE   II. 
Per  Os  Administration  to  Guint:a-pigs."' 


I 


Weight  of 
guinea-pig. 


334 
352 
278 


No.  of 

capsules 

used. 


1 

41 
6 


Amount  of 
sulphate. 


gm. 

0.0175 

0.140 

0.21 


Dose  per 

100  gm.  of 

animal. 


0.0053 

0.040 

0.0755 


Result. 


Recovery 
Recovery  ^ 
Death  2 


Time 

between 

feeding 

and  death. 


About  12 
hours 


Time 

between 

feeding  and 

apparent 

recovery. 


nun. 

30 

About  12 
hours 


^  Last  two  capsules  given  one  hour  after  the  first  two. 
2  Occurred  during  the  night  and  was  not  exactly  known. 


conclude  from  these  experiments  that  gastro-intestinal  digestion 
destroys  the  alkaloid  or  diminishes  its  toxicity,  but  it  seems  reasonable 
to  conclude  that  the  tendency  to  vomiting,  the  slowness  of  absorp- 
tion, and  the  rate  of  destruction  of  the  alkaloid  account  for  the  rela- 
tively large  quantity  required  to  kill  when  fed. 

II.  The  effects  on  guinea-pigs.  —  After  subcutaneous  or  intraperi- 
toneal injection  or  after  feeding,  the  alkaloid  produces  the  same 
symptoms  of  poisoning.  There  are  marked  insahvation  and  frequently 
repeated  vomiting,  which  begin  very  soon  after  the  substance  is  ad- 
ministered and  persist  nearly  as  long  as  any  s}anptoms  can  be  ob- 
served. During  the  first  few  minutes  of  the  onset  of  the  effects  the 
animal  jumps  and  runs  about  the  cage  excitedly  in  the  intervals  be- 
tween vomiting.  It  soon  begins,  however,  to  lose  control  of  its  muscles. 
The  hind  legs  are  usually  affected  first,  but  finally  all  the  limbs  become 
'useless  and  the  guinea-pig  hes  on  its  side  completely  prostrated. 
The  respiration,  at  first  rapid,  has  by  this  time  become  slower  than 
normal  and  very  labored.     It  is  frequently  interrupted  by  short 
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periods  of  very  convulsive  breathing.  Although  quite  unable  to 
make  any  co-ordinate  movements,  the  animal  is  exceedingly 
irritable  and  responsive  to  reflex  stimuli.  The  lightest  touch  will 
start  a  struggle,  and  as  the  symptom  complex  advances  there  comes 
a  stage  when  the  struggles  become  spasmodic  and  later  typical  tetanic 
spasms  occur.  The  guinea-pig  now  behaves  quite  like  an  animal 
poisoned  with  strychnine,  and  at  the  slightest  irritation,  such  as  a 
jar  of  the  cage  or  a  breath  of  wind,  exhibits  profound  tetanus.  All 
of  its  muscles  are  rigid  and  the  body  stiffened  out  in  an  extended 
position  sometimes  for  ten  seconds  at  a  time.  The  heart  rate  as 
detected  by  allowing  the  guinea-pig  to  lie  in  the  observer's  hand  so 
that  the  cardiac  impulse  may  be  felt  is  found  to  be  much  slower  than 
normal,  and  this  condition  persists  until  recovery  is  quite  far  ad- 
vanced or  death  occurs.  Defecation  takes  place  at  frequent  intervals 
throughout  the  development  of  efTects.  Micturition  is  also  generally 
observed.  If  the  fatal  dose  has  been  given  by  injection,  death  occurs 
after  an  interval  of  about  twenty  to  thirty  minutes.  No  relation- 
ship between  the  dosage  administered  intraperitoneally  and  the  time 
required  to  kill  is  to  be  seen  in  our  results.  Two  typical  protocols 
follow : 

Experiment  No.  i.     Jan.  30,  191 1.  —  Female  guinea-pig;  weight,  845  gm. 
Dose:  0.05  gm. ;  volume,  2  c.c. 
3.25  p.  M.     Intraperitoneal  injection. 
3.27  p.  M.     Vomiting;  claws  mouth. 

3.29  p.  M.     Spasmodic    twitching;     retching;     jumping;     gagging; 
squealing. 

3.30  p.  M.     Defecation;  vomiting;  lies  on  side.    Cannot  right  itself. 

3.32  p.  M.     Respiration  very  irregular. 

3.33  p.  M.     Short,  recurring  tetanic  spasms. 

3.35  p.  M.     Respiration    shallow    and    infrequent;     spasms    stop. 
Trembling. 

3.36  p.  M.     Perfecriy  limp. 

3. 38  p.  M.     Infrequent,  spasmodic  respiration. 

3.40  p.  M.     Muscular  spasms. 

3.41  p.  M.     Respiration,  17  per  minute. 

3.44  p.  M.     Lid  retlex  absent. 

3.45  p.  M.    Tetanus. 

3.46  p.  M.     Dead.     Heart  in  complete  diastole.     Peristalsis  of  the 
intestines  very  marked. 
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Experiment  No.   2.     Jan.  30,   1911.  —  Male  guinea-pig;  weight,  352  gm. 
Dose:  0.0037  g"^-)  volume,  1.5  c.c. 
4.06  p.  M,     Subcutaneous  injection. 
Insalivated. 
Vomits  a  little. 
Vomits  repeatedly. 
Labored  respiration  interrupted  by  rapid  respiration. 


4.09 

p. 

M. 

4.II 

p. 

M. 

4-13 

p. 

M. 

4-39 

p. 

M. 

Spasm. 

4.40 

p. 

M. 

4.41 

p. 

M. 

4.42 

p. 

M. 

4.44 

p. 

M. 

4.46 

p. 

M. 

Control  of  limbs  is  lost.    Labored  and  slow  breathing. 

Respiration,  49-50  per  minute. 

Slight  spasm. 

Respiration  very  irregular;  heart  fast.     Spasm. 

Respiration,   24  per  minute;    sometimes  nine  seconds 
elapse  between  breaths.     Tetanic  spasms;  heart  rate,  Si  per  minute. 

4.49  p.  M.     Respiration,   23  per  minute;    still  tries  to  right  itself 
although  unable  to  control  limbs. 

4.52  p.  M.     Spasms. 

4.53  p.  M.     Tetanus   in   back   muscles   when    touched;     very   bad 

Heart  rate,  42  per  minute. 
Respiration,  29  per  minute;  lid  reflex  present. 
Very  acute  spasms;   tetanus  continues  for  three  minutes 
)ing. 

Acute  spasms;  lid  reflex  present. 
Spasms;  great  respiratory  distress. 
Hyperpncea  alternating  with  apnoea. 
Spasms;  tetanus;  defecation. 
Heart  rate,  48  per  minute. 
Spasms;  defecation;  much  u-rine  passed. 
Heart  very  slow. 

Spasms ;  eyes  closed.     Reflex  present. 
Respiration,  32  per  minute. 
Spasms;  respiration,  46  per  minute. 
Respiration,  23  per  minute. 
Acutj  spasms;  defecation. 
Spasms;  tries  to  gain  feet. 
Copious  flow  of  urine. 

Acute  spasms;  spasms  now  follow  slightest  stimulus. 
Regained    control    of    fore    limbs.     Spasms    no    longer 
follow  stimuli. 

6.57  P.  M.     Labored  and  spasmodic  respiration. 


spasms 

4.58 

p. 

M. 

5.00 

p. 

M. 

5.02 

p. 

M. 

without  s 

itOf 

5-II 

p. 

M. 

5-14 

p. 

M. 

5-17 

p. 

M. 

5-21 

p. 

M. 

5-29 

p. 

M. 

5-32 

p. 

M. 

5-33 

p. 

M. 

5-35 

p. 

M. 

5-39 

p. 

M. 

5-42 

p. 

M. 

5-54 

p. 

M. 

5-55 

p. 

M. 

.  5-58 

p. 

M 

6.01 

p. 

M. 

6.12 

p. 

M. 

6.30 

p. 

M. 
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6.59  p.  M.     Respiration  tasier. 
7.01  p.  M.     Heart  beat,  100  per  minute. 
7.10  p.  M.     Vomits  again.     Appears  nearly  recovered. 
Jan.  31,  191 1.  —  9.00  A.  M.     Entirely  recovered. 

III.  The  effects  on  frogs.  —  The  effects  of  administration  to  frogs 
were  not  very  striking.  It  was  thought  that  because  of  the  tetanic 
spasms  in  guinea-pigs  this  poison  might  affect  the  spinal  cord  some- 
what as  strychnine  does.  Experiments  with  frogs  did  not  fulfil  that 
expectation.  Two  injections  into  the  dorsal  lymph  sac  of  frogs  with 
the  brain  pithed  in  which  0.175  g^i-  of  material  was  administered  in 
one  case  and  twice  that  amount  in  the  other  caused  some  slight  irrita- 
bility, but  the  animal  soon  became  entirely  limp  and  unresponsive  to 
stimuli.  To  another  frog  about  o.i  gm.  was  injected  without  pith- 
ing any  part  of  the  nervous  system.  Some  twitchings  and  spasmodic 
movements  occurred,  but  in  a  few  minutes  the  animal  seemed  paralyzed, 
gave  no  further  response  to  stimuli,  and  soon  died.  In  all  three  frogs 
there  was  a  noticeable  reddening  of  the  skin,  and  the  blood  vessels  in 
the  web  of  the  foot  seen  under  the  microscope  appeared  to  be  dilated. 

IV.  The  effects  on  dogs.  —  To  more  accurately  trace  the  action  of 
the  alkaloidal  preparation,  intravenous  injection  into  dogs  was  em- 
ployed. The  animals,  seven  in  all,  were  anaesthetized  in  each  case 
with  ether  followed  by  A-C-E-  mixture.  The  alkaloidal  material 
diluted  with  physiological  salt  solution  was  injected  into  the  right 
femoral  vein,  while  a  tracing  of  blood  pressure  in  the  left  carotid 
artery  was  recorded  by  the  aid  of  a  mercury  manometer.  A  record  of 
respiratory  movements  made  by  using  a  simple  cord  and  pulley  de- 
vice to  connect  a  recording  lever  with  a  skin  suture  in  the  thoracic 
or  abdominal  wall  of  the  dog  was  simultaneously  obtained. 

The  first  injection  invariably  caused  a  fall  in  the  blood  pressure 
within  a  few  seconds.  Its  amount  was  roughly  proportional  to  the 
amount  of  material  injected.  0.0035  g^^-  of  the  alkaloidal  sulphate 
gi\-en  in  i  c.c.  of  a  fifty-fold  dilution  of  the  original  preparation  to  a 
dog  of  13  kilos  caused  a  fall  of  blood  pressure  equal  to  41.6  mm.  of 
mercury,  while  the  injection  of  0.0105  gm.  in  5  c.c.  of  the  same  dilu- 
tion in  a  dog  of  20  kilos  produced  a  fall  of  82  mm.  The  proportion- 
ality, however,  was  not  always  maintained.  The  quickness  of  the 
recovering  rise  also  depended  on  the  amount  injected,  and  if  more 
than  10  mgm.  of  the  alkaloidal  sulphate  was  given  the  recovery  was 
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very  slow.  In  no  case  did  the  blood  pressure  ever  return  to  quite  as 
high  a  level  as  that  recorded  before  the  first  injection.  The  cause  of 
this  depressor  effect  is  not  a  simple  one.  The  most  potent  factor  in 
the  initial  drop  is  the  marked  slowing  of  the  heart  rate.  That  this 
is  due  for  the  most  part  to  an  effect  on  the  cardio-inhibitory  centre 
appears  from  the  fact  that  after  section  of  both  vagi  an  injection  of 
the  quantity  usually  employed  did  not  cause  the  usual  striking  de- 
pression of  the  heart  rate  but  only  a  very  slight  decrease.  A  second 
factor  involved  in  the  fall  of  blood  pressure  is  vaso-dilation.  Even 
when  the  pulse  had  quite  recovered  to  its  initial  rate  as  seen  in  several 
tracings,  the  blood  pressure  was  found  to  be  still  low,  and  only  re- 
covering so  slowly  that  after  some  half-hour's  observation  it  did  not 
reach  its  original  level.  Also,  the  arterial  pressure  fell  too  much 
when  injections  were  given  after  double  vagotomy  to  be  accounted 
for  apparently  by  the  slight  slowing  of  the  heart. 

The  effect  on  respiration  is,  in  general,  to  slow  it  by  a  prolongation 
of  the  expiratory  phase.  This  effect  is  slightly  modified  after  the 
vagi  have  been  severed. 

A  tracing  to  show  the  effect  of  injection  without  previous  vagotomy 
is  given  (Fig.  i).  The  tracing  seems  to  show  that  the  alkaloid  acts 
on  the  cardio-inhibitory  and  respiratory  centres,  or  at  least  produces 
effects  which  involve  them. 

The  results  so  far  discussed  are  those  obtained  by  an  initial  injec- 
tion of  small  quantities  of  the  alkaloid.  Subsequent  injections  or 
the  administration  of  larger  quantities  produced  more  complex  effects. 
Second,  third,  and  fourth  injections  of  quantities  comparable  to  that 
ordinarily  used  for  our  first,  produced  a  successively  smaller  effect  in 
decreasing  the  already  lowered  blood  pressure.  After  a  considerable 
quantity,  for  example,  0.0665  gm.  had  been  given,  a  compensatory 
hastening  of  the  heart  rate  produced  a  slight  rise  in  blood  pressure, 
and  this  effect  was  obtained  after  section  of  the  vagi  with  compara- 
tively small  quantities  of  the  alkaloid.  Fig.  2  shows  the  effect  of  in- 
jection of  0.0105  gm.  into  a  dog  of  8.2  kilos  after  a  previous  injection, 
about  twenty  minutes  earlier,  of  the  same  quantity.  The  rise  in  blood 
pressure  amounts  to  36  mm.  of  mercury,  and  the  change  in  the  heart 
rate  is  from  117  per  minute  before  the  injection  to  157  per  minute 
shortly  after.  In  this  case  the  vagus  nerves  were  severed  at  the  be- 
ginning of  the  experiment  and  the  first  injection  gave  a  slight  fall  in 
pressure. 
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When  sufficiently  large  quan- 
tities of  the  alkaloid  had  been 
administered  to  a  dog,  its  heart 
showed  an  effect  distinctly  dif- 
ferent from  that  produced  by 
the  previous  injection  of  small 
quantities.  Instead  of  the  de- 
crease of  the  heart  rate  with 
increase  in  the  force  of  the  beat 
seen  in  the  initial  injections  or 
the  increase  in  rate  with  slight 
decrease  in  force  observed  after 
further  injections,  there  ap- 
peared in  the  more  advanced 
stages  of  poisoning  a  marked 
fluttering  of  the  heart.  A  trac- 
ing of  such  an  effect  is  shown 
in  Fig.  3.  Sometimes  the  heart 
action  as  shown  by  the  blood 
pressure  curve  would  produce 
a  series  of  very  irregular  beats 
interrupted  at  quite  regular  in- 
tervals by  groups  of  three  or 
four  regular  but  very  quick, 
shallow  beats. 

The  effects  of  larger  quan- 
tities of  the  poison  on  respira- 
tion were  also  noteworthy.  In- 
stead of  the  mere  slowing  of 
respiration,  there  appeared  a 
considerable  irregularity  char- 
acterized by  movements  more 
or  less  convulsive.  This  eft'ect 
in  a  miild  degree  can  be  seen 
in  Fig.  2. 

One  of  the  most  interest- 
ing effects  of  this  substance 
was  that  on  intestinal  peristal- 
sis. Even  the  smallest  dose 
administered,  0.0035  gm.  given 
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intravenously  to  a  dog  of  20  kilos,  caused  in  a  few  minutes  un- 
mistakable intestinal  rumblings.  In  all  the  dogs  used  defecation 
occurred  several  times,  even  though  stools  had  previously  been  passed 
at  the  time  of  etherizing.  In  the  course  of  an  hour,  after  three  or 
more  injections  of  small  quantities,  fluid  or  semi-fluid  feces  were 

BP 


P^%fi^^\i\fi^f^%fii 


R 


^f\f^fv^r\l 


T 
A 

Figure  3.  —  The  effect  on  the  heart  of  cumulative  action  of  the  alkaloid.  Upper  trac- 
ing shows  carotid  pressure,  lower  one  respiration.  Time  =  0.6  sec.  At  A  0.0175 
gm.  of  the  alkaloid  in  5  c.c.  of  saline  was  injected.  The  vagi  were  intact.  By 
means  of  three  previous  injections,  0.0315  gm.  of  the  substance  had  been  given. 


observed  in  each  case.  Micturition  also  took  place  in  many  of  the 
dogs  during  the  experiment.  This  involuntary  evacuation  of  in- 
testines and  bladder  in  ansesthetized  dogs  was  plainly  the  result  of 
the  action  of  the  alkaloid,  because  effects  followed  quickly  after  in- 
jection and  in  the  case  of  defecation  were  proportional  to  the  amount 
given.  Such  results  confirm  our  observations  with  guinea-pigs.  The 
influence  of  the  substance  on  the  vomiting  mechanism  of  dogs  was 
not  tested,  as  in  guinea-pigs,  because  no  injections  were  made  with- 
out previous  anaesthesia. 

Several  of  the  dogs  while  still  anaesthetized  were  killed  by  intra- 
venous injection  of  a  fatal  dose.  In  each  case  the  heart  beat  became 
very  irregular  and  soon  stopped.  Invariably  the  heart  failed  before 
respiration.  At  the  moment  respiration  ceased,  however,  the  dog 
passed  into  a  death  struggle  exhibiting  tetanic  spasms  of  the  entire 
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body.  The  convulsion  was  always  brief,  and  though  in  two  cases  fol- 
lowed by  a  few  spasmodic  respiratory  movements  was  never,  so  far 
as  we  observed,  succeeded  by  any  revival  of  the  heart  beat.  The 
heart  was  found  in  the  opened  thorax  in  complete  diastole,  as  was 
seen  also  in  post  mortem  examination  of  the  guinea-pigs. 

No  attempt  to  determine  the  fatal  dose  for  dogs  was  mad"^.  The 
smallest  quantity  which  gave  a  fatal  result  was  0.105  g"^.  in  3  c.c. 
of  saline  injected  intravenously  into  a  dog  of  10  kilos  without  previous 
injections. 

Our  experiments  have  led  to  the  following  conclusions : 

1.  The  alkaloidal  preparation  from  Zygademus  intermedins  slows 
the  heart  rate  by  action  apparently  on  the  cardio-inhibitory  centre. 

2.  It  slows  respiration  by  an  effect  involving  the  respiratory  centre. 

3.  It  causes  vaso  dilation. 

4.  In  quantities  approaching  the  fatal  dose  it  hastens  the  heart 
rate  and  produces  both  irregularity  of  the  heart  beat  and  convulsive 
respiration. 

5.  The  fatal  dose  given  intravenously  to  dogs  stops  the  heart  be- 
fore respiration  ceases. 

6.  The  fatal  dose  for  guinea-pigs  is  between  4.6  and  5.1  mgm.  per 
100  gm.  of  animal. 

7.  It  has  a  very  powerful  action,  whether  injected  or  fed,  both  as 
a  purgative  and  an  emetic. 

The  authors  wish  to  acknowledge  with  thanks  the  assistance  of 
Mr.  H.  A.  Swaffield,  who  aided  in  some  of  the  experiments. 


RHYTHMICITY   IN   THE    TURTLE'S    HEART   AND    COM- 
PARISON OF  ACTION  OF  THE  TWO  VAGUS  NERVES. 

By  WALTER  E.   GARREY. 

[From  the  Physiological  Laboratory  of  Washington  University,  St.  Louis.] 

'  I  ""HE  difference  in  the  action  of  the  two  vagi  of  the  turtle  is  a  fact 
-*•  so  striking  that  it  could  hardly  have  escaped  the  notice  of  any 
one  working  in  this  field  of  physiology;  the  right  vagus  is  so  much 
more  effective  as  the  inhibitory  nerv^e.  There  is,  however,  a  marked 
variabihty  in  the  quantitative  differences  which  one  finds  not  only 
in  different  species  but  also  in  the  individuals  of  a  given  species.  It 
was  found  by  A.  B.  Meyer/  that  the  left  vagus  failed  completely  to 
stop  the  heart  in  the  eight  specimens  of  Emys  lutaria,  which  he 
examined,  and  Gaskell  -  makes  a  similar  obser^'-ation  on  Testudo 
graeca.  The  phenomenon  has  been  more  carefully  studied  on  the 
slider  terrapin  (Pseudemys  rugosa)  by  T.  Wesley  Mills, ^  and  has  been 
recorded  on  other  species  by  Kazem-Beck  ^  and  Gue^mot.^ 

1  have  studied  the  same  phenomenon  in  four  common  species  of 
turtle  (Pseudemys  rugosa,  Chrysemys  marginata,  Chelydra  serpentina 
and  Terepene  sp?)  and  have  found  distinct  differences  in  the  action 
of  the  two  vagi  in  all  of  them.  The  character  of  these  differences  will 
appear  in  the  description  of  my  experiments. 

In  spite  of  the  frequency  with  which  the  observation  has  been 
made,  no  advance  has  been  made  in  the  explanation  of  the  differences 
beyond  Meyer's  view  that  "the  nerve  fibres  supplying  those  muscular 
fibres  of  the  sinus  which  by  their  automatic  contraction  originate  the 

*  Meyer:  Hemmungsnervensystem,  Beriin,  1869,  ref.  Gaskell,  cf.  infra. 
"^  Gaskell:  Journal  of  physiology,  1883,  iv,  p.  82. 

2  Mills:  Journal  of  physiology,  1885,  vi,  p.  247. 

*  Kazem-Beck:  Archiv  fiir  Anatomic  und  Physiologic,  188S,  pp.  325-352. 

^  Gueynot:  Comptes  rendus  dc  la  Socicte  de  Biologic,  1907,  pp.  1025,  1032, 
1145,  1190. 
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rhythmical  beats  of  the  heart,  run  almost  exclusively  in  the  right 


vagus  nerve."  ^ 


This  statement  in  reality  contains  the  germinal  idea  which  under- 
lies the  true  explanation,  viz.,  that  in  the  turtle's  heart  different  vagus 
fibres  innervate  separate  parts  of  the  heart,  and  that  those  fibres 
which  are  ineffective  do  not  affect  the  rapidly  beating  part  of  the 
heart  which  acts  as  the  pace-maker.  The  investigations  which  are 
recorded  in  this  paper  prove  this  conception  to  be  the  correct  one, 
for  it  is  found  that  in  the  turtle  there  exists  a  pronounced  prepon- 
derant inhibitory  action  of  each  vagus  upon  the  corresponding  half 
of  the  heart.  This  homolateral  action  is  most  pronounced  at  the 
base  of  the  heart  and  to  a  lesser  extent  is  to  be  observed  upon  the 
auricles  as  well.  It  will  be  shown  that  in  those  cases  in  which  the 
left  vagus  fails  to  affect  the  rhythm  it  may  still  be  able  to  affect  very 
profoundly  certain  other  regions  of  the  heart,  it  will  be  further  shown 
that  the  left  vagus  may  inhibit  completely  the  auricles  and  ventricle, 
but  that  the  contralateral  (right)  basal  portion  of  the  heart  (right 
caval  veins)  may  still  beat  in  their  normal  rhythm.  The  preponderant 
action  of  the  right  vagus,  it  will  be  shown,  is  due  to  the  fact  that  its 
action  is  directly  upon  those  basal  parts  of  the  heart  which  initiate 
the  rhythm,  viz.,  the  right  caval  veins.  An  alteration  of  rhythm  or 
stoppage  of  the  ventricle  is  no  criterion  for  the  action  of  the  vagi; 
the  effects  upon  each  part  of  the  heart  must  be  studied  before  any 
adequate  conception  of  the  actual  effectiveness  of  the  vagi  can  be 
ascertained. 


The  Point  of  Origin  of  the  Beat,  and  the  Rhythmicity  of 
THE  Veins  at  the  Base  of  the  Turtle's  Heart. 

If  we  are  to  learn  why  the  right  vagus  affects  the  heart  rhythm 
more  profoundly  than  the  left,  we  must  first  learn  the  portion  of  the 
heart  which  acts  as  the  pace-maker  and  must  show  that  the  pre- 
ponderant action  of  the  effective  vagus  is  really  on  this  portion  of 
the  heart.  This  necessitates  a  careful  examination  of  the  region  of 
the  sinus  and  great  veins  which  open  into  it.  This  portion  of  the 
heart  has  been  much  neglected  by  investigators.    Most  careful  work 

^  Quoted  from  Gaskell:  Loc.  cit.,  p.  83. 
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in  this  direction  has  been  done  by  MacWilliam  ^  on  the  heart  of  the 
eel,  in  which  he  states  that  the  beats  originate  simultaneously  on 
either  side  of  the  inter-jugular  part  of  the  sinus,  i.  e.,  at  the  ostia  of 
the  jugular  veins;  and  that  the  sinus  contracts  subsequently.  Engel- 
mann,^  too,  has  made  a  careful  study  of  the  beat  of  the  veins  entering 
the  frog  heart.  He  found  that  isolated  pieces  of  these  veins  beat 
spontaneously,  but  that  in  the  intact  heart  these  veins  with  the  sinus 
act  as  a  unit  and  beat  synchronously.  In  contrast  with  these  find- 
ings, the  work  of  MacWilliam,  of  Herring,  and  more  recently  of 
Erlanger,  has  shown  that  in  mammals  the  beat  originates  in  the  re- 
gion of  the  junction  of  the  superior  and  inferior  venae  cavae. 

A  suspicion,  founded  on  the  action  of  the  vagi,  that  a  condition 
similar  to  that  existing  in  mammals  might  also  exist  in  the  turtle  led 
me  to  an  examination  of  this  portion  of  the  heart  and  to  a  series  of 
experiments,  the  results  of  which  fully  confirmed  my  belief  that  the 
beat  originated  on  the  right  side  —  the  side  of  the  more  active  vagus 
nerve.  Simple  inspection  will  reveal  the  fact  that,  owing  to  the 
arrangement  of  the  veins  and  the  junction  with  the  sinus  of  the  right 
pre-  and  post-caval  veins  and  the  great  vein  from  the  liver,  the  de- 
velopment of  the  right  basal  part  of  the  heart  is  far  in  excess  of  that 
of  the  left  side.  Inspection  further  shows  that  the  beat  arises  in  a 
rather  diffuse  area  which  includes  the  area  at  the  junction  of  the 
right  pre-  and  post-caval  veins  and  extends  toward  the  sinus  and 
mouth  of  the  veins  from  the  liver.  This  area  is  not  sharply  defined, 
and  not  infrequently  the  right  veins  throughout  their  whole  extent 
seem  to  beat  synchronously  with  it.  Next  in  sequence,  after  the  con- 
traction of  this  area,  the  sinus  contracts,  the  wave  of  contraction 
passing  thence  to,  and  involving,  the  right  vein.  In  many  cases  a 
distinct  pause  can  be  seen  before  the  sinus  contracts,  and  another 
pause  before  the  involvement  of  the  vein  of  the  left  side ;  these  pauses 
are  not  long  and  in  every  instance  the  vein  of  the  left  side  contracts 
before  the  auricles  do.  The  time  relations  are  shown  in  Fig.  i,  in 
which  the  tracings  were  taken  from  the  veins  which  empty  into  the 
sinus  on  the  right  and  left  side  respectively.  On  the  tracing  taken  from 
the  right  vein  there  is  a  distinct  indication  of  a  physiologic  pause 
between  the  wave  produced  by  the  contraction  of  the  right  caval 

^  MacWilliam:  Journal  of  physiology,  1S84,  iv,  pp.  197  et  seq. 

*  Engelmann:  Archiv  fiir  gesammte  Physiologic,  1896,  Ixv,  pp.  115  e/  seq. 
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veins  (R)  and  the  sinus  (S) .  On  the  tracing  taken  from  the  left  caval 
vein  the  waves  5,  L,  and  A  correspond  to  the  time  of  contraction  of 
the  sinus,  left  vein,  and  auricles  respectively. 

These  tracings  show  that  the  veins  entering  the  sinus  must  be 
looked  upon  as  separate  cavities  of  the  heart  which  are  physiologi- 
ally  as  independent  as  the  sinus  or  auricles.     In  thirty-eight  speci- 
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Figure  1.  —  About  two  thirds  the  original  size.  The  upper  curve  is  from  the  left  caval 
vein,  the  lower  from  the  right  caval  veins.  R  =  contraction  of  right  veins;  S, 
contraction  of  sinus;   A,  contraction  of  auricles. 

mens  examined  it  was  found  that  the  beat  started  in  the  right  veins 
and  not  in  the  sinus,  as  is  generally  stated  to  be  the  case.  The  dis- 
tinct pause  between  the  beat  of  the  veins  and  the  sinus  effectively 
disposes  of  the  argument  that  might  be  advanced,  viz.,  that  in  these 
cases,  owing  to  greater  development  of  the  right  side,  the  sinus  is 
displaced  to  that  side,  and  that  in  reality  the  beat  originates  in  that 
structure;  this  is  not  the  case,  the  beat  starts  in  the  veins  of  the  right 
side  and  involves  the  sinus  subsequently.  The  wave,  in  passing  from 
right  to  left,  not  only  impedes  the  outflow  of  blood  from  the  left  vein 
as  a  result  of  the  contraction  of,  and  rise  of  pressure  in,  the  sinus, 
but  actually  causes  a  regressive  flow  of  blood  in  the  left  vein  due  to 
the  antidromic  direction  of  the  contraction  wave  in  that  structure. 

Since  the  rate  of  the  heart  is  determined  by  that  part  which 
possesses  the  greatest  inherent  rate  of  rhythm,  and  since  the  contrac- 
tion wave  likewise  starts  in  the  same  location,  it  follows,  from  what 
has  been  said  above,  that  the  right  caval  veins  which  inherently 
possess  a  greater  rhythmicity  than  the  other  parts  of  the  heart,  de- 
termine the  rate  of  the  whole  heart.  That  this  is  true  may  be  tested 
in  a  variety  of  ways;  some  of  the  methods  I  have  employed  will  now 
be  considered. 


334  Walter  E.  Garrey. 

After  the  veins  of  both  sides  have  been  transsected  close  to  the 
sinus  and  the  rest  of  the  heart  excised,  levers  may  be  attached  to 
the  cardiac  ends  of  the  isolated  veins  in  situ,  and  records  made  of 
the  relative  rates  of  contraction.  Such  a  tracing  is  seen  in  Fig.  2.  It 
is  seen  that  the  right  veins  beat  at  a  rate  of  37  per  minute  and  the 
left  veins  at  the  rate  of  15  per  minute.  The  ratio  of  the  rhythms 
is  Vl  =  2.5  approximately. 
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Figure  2.  —  The  upper  curve  is  from  the  right  caval  veins;  a  portion  of  the  sinus  was 
left  connected  with  these  veins,  the  contraction  of  which  causes  the  notch  in  the 
curve.    L  =  left  caval  vein,   S  =  time  in  seconds. 

Another  method  of  determining  the  point  of  origin  of  the  rhythm 
is  to  cut  away,  or  clamp  off  different  parts  of  the  base  of  the  heart 
and  to  note  the  rate  of  contraction  resulting  from  the  procedure.  If 
the  left  vein,  including  a  part  of  the  sinus,  be  separated  from  the  heart, 
no  change  in  rate  is  noted.  Similarly,  if  the  vein  from  the  liver  be 
in  like  manner  cut  away,  no  change  is  noted.  If,  however,  the  cut  be 
made  diagonally  in  such  a  way  that  the  exsected  piece  includes  the 
liver  vein,  the  ostia  of  the  right  caval  veins  and  the  portion  of  the 
sinus  between  them,  the  rhythm  of  the  heart  at  once  becomes  much 
slower  and  the  slow  rhythm  persists  and  examination  shows  that  the 
beat  now  originates,  with  few  exceptions,  in  the  left  caval  vein,  in- 
volving in  the  usual  sequence  the  remaining  portion  of  the  sinus, 
auricles,  and  ventricles.  The  contraction  wave  in  the  left  vein  is  no 
longer  a  retrogressive  one,  but  progressive,  i.  e.,  toward  the  heart. 
The  exsected  portion  which  includes  that  portion  of  the  heart  in 
which  the  former  cardiac  rhythm  was  initiated  is  found  beating  at 
the  original  rate.  Fig.  3  shows  the  result  of  such  an  operation.  A 
is  a  tracing  of  the  normal  heart  rate;  the  tracing  lever  was  attached  to 
the  ventricle.  5  is  a  tracing  of  the  same  preparation  made  after  the 
right  veins  had  been  tied  off;  this  procedure  changed  the  rate  of  the 
heart  to  approximately  one  fourth  its  previous  rate,  although  it  was 
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easily  seen  that  the  beat  still  originated  at  the  base  of  the  heart  and 
in  fact  in  the  veins  of  the  left  side.  In  C  the  right  veins  had  been  cut 
away,  thus  eliminating  the  conspicuous  "tug"  effects  of  the  right 
veins.  The  right  vagus  is  noted  to  have  lost  its  effect  in  5  as  a  result 
of  the  ligature,  but  the  left  vagus,  which  previously  had  been  found 
to  have  no  chronotropic  effect,  is  now  noted  to  be  active;    the  dis- 
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Figure  3.  —  About  one  half  the  original  size.  Tracing  by  suspension  method  of  ven- 
tricular contractions.  A  =  normal  heart,  B  =  after  tying  off  the  right  caval  veins, 
C  =  after  cutting  away  the  right  caval  veins  the  tug  of  the  right  veins  noted  in  B 
disappears  in  C.  The  effect  of  stimulation  of  the  vagi  before  and  after  clamping 
the  right  veins  is  shown;  at  R  and  R'  the  right  vagus  nerve  was  stimulated  and  at  L 
the  left  vagus  was  stimulated. 


cussion  of  the  vagus  effects  will  be  deferred  to  another  portion  of  this 
paper. 

In  several  experiments  a  transverse  cut  was  made  at  the  sino- 
auricular  junction  and  auricles  and  ventricles  were  removed  from 
the  body.  The  veins  of  the  right  and  left  side  with  the  sinus  be- 
tween them  formed  a  transverse  beating  strand  in  which  the  wave 
was  seen  passing  from  right  to  left  with  the  original  rhythm  of  the 
heart.  If  a  median  section  should  be  made,  we  should  have  (except 
for  the  adhering  bits  of  the  sinus)  the  same  condition  as  that  in  the 
first  experiments  considered  above  (p.  334).  In  the  experiment  under 
consideration,  however,  the  author  put  a  clamp  of  the  Gaskell  type 
in  the  median  line  between  the  two  veins,  and  by  the  micrometer 
screw  this  was  tightened  till  a  complete  intervenous  block  existed. 
In  Fig.  4  a  tracing  is  made  of  such  a  preparation,  and  the  ratio  of  the 
beating  veins  in  this  case  is  seen  to  be  Vl  =2.1.  The  ratio  2.1  is 
not  invariable  and  is  not  due  to  an  incomplete  block,  as  a  subsequent 
section  demonstrated.  The  rhythm  of  the  left  portion  is  far  less 
regular  than  that  of  the  right  side,  and  the  independence  in  the  beat 
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is  also  evident  when  each  vagus  is  stimulated ;  the  piece  on  the  ho- 
mologous side  only  stops  beating,  and  during  recovery  the  chrono- 
tropic effects  are  evident  on  the  same  side  only;  the  intervals  vary 
and  the  beat  of  the  two  sides  shows  no  integral  or  constant  ratio. 

In  another  series  of  experiments  a  sagittal  section  was  made  in  the 
median  line  through  the  whole  heart,  thus  dividing  it  into  two  ap- 
proximately equal  parts.     The  immediate   effect   of   this   splitting 
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FiGUEE  4.  —  The  upper  curve  is  from  the  right  caval  veins,  the  lower  from  the  left 
caval  vein.  R  and  L  show  points  of  stimulation  of  the  right  and  left  vagi  respec- 
tively.    T  =  time  in  five  seconds. 

operation  is  complete  inhibition  of  both  the  lateral  halves.  This 
condition,  however,  soon  wears  off  and  regular  beats  are  inaugurated; 
these  start  invariably  in  the  right  half  before  they  do  in  the  left  half, 
indicating  again  the  greater  rhythmicity  of  the  right  side.  Later 
the  left  side  begins  to  beat,  but  it  always  beats  in  a  slower  rhythm 
than  the  right  side.  Both  time  of  onset  and  rate,  then,  indicate  the 
difference  in  rhythmicity  of  the  two  lateral  halves  of  the  basal  parts 
of  the  heart  which  initiate  these  rhythms,  viz.,  the  veins,  for  it  is  a 
striking  fact  that  can  be  easily  verified  that  in  the  left  half  of  the 
heart  the  beat  does  originate  in  the  left  vein,  which  prior  to  the  sec- 
tion followed  in  sequence  the  beat  of  the  right  side.  The  rate  for 
the  right  half  is  the  rate  of  the  original  beat  of  the  heart,  that  for  the 
left  half  is  always  slower. 

Concerning  the  question  of  the  ratio  of  the  rate  of  the  right  to  the 
left  side  it  should  be  said  that  there  is  no  very  great  constancy  in 
different  individuals,  but  it  was  found  to  be  as  low  as  two  and  as  high 
as  four.  In  the  earlier  experiments  of  this  series  higher  ratios  were 
obtained,  but  comparison  with  the  ratios  of  the  isolated  veins  indi- 
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cated  an  error  which  was  revealed  upon  careful  inspection,  viz.,  that 
veno-sinus  and  sino-auricular  blocks  were  apt  to  result  from  the 
traumatism  of  section;  some  part  of  the  heart  less  rhythmical  than 
the  homologous  vein  often  being  responsible  for  the  recorded  rhythm, 
while  the  vein  was  found  to  be  beating  more  rapidly;  owing  to  the 
block  existing  in  these  cases,  the  beat  of  the  vein  did  not  influence  the 
rate  of  the  heart.  These  blocks  were  far  less  frequent  in  the  right 
half.  The  original  rhythm  of  the  unmutilated  heart  was  taken  as 
the  standard  for  comparison  in  all  determinations. 

It  occasionally  happened  that  in  the  beat  of  the  left  half  of  the 
"split"  preparation  the  rhythm  was  initiated  in  the  sinus  of  that 
piece  without  a  block  existing  between  the  sinus  and  the  left  vein. 
The  wave  of  contraction  spread  in  these  cases  from  the  sinus  not  only 
toward  the  auricle,  but  also  in  a  retrogressive  manner  onto  and  up 
the  left  vein,  indicating  that  the  inherent  rhythmicity  in  these  cases 
was  greater  for  the  sinus  than  for  the  left  vein.  This  is  rarely  the  case, 
however,  and  this  variation  from  the  usual  may  explain  the  range 
of  /l  ratios  mentioned  above.  Although  I  have  repeatedly  ex- 
amined the  right  half  of  the  spHt  preparation  in  the  same  manner, 
it  has  never  happened  that  the  sinus  could  beat  more  rapidly  than 
the  right  veins.  The  veins  of  this  side  always  possess  the  highest 
rhythmic  power  of  any  part  of  the  heart,  and  they,  not  the  sinus  as 
is  usually  supposed,  initiate  the  rhythm  of  the  turtle's  heart. 

Fig.  5  shows  a  tracing  before  (^4)  and  after  (B)  splitting  the  heart 
sagittally  into  lateral  halves.  The  rate  of  the  right  half  is  seen  to  be 
the  same  as  that  of  the  heart  before  the  operation ;  —  that  of  the  left 
side  is  much  slower  —  the  ratio  of  the  rates  of  the  two  sides,  Vl  = 
3.5.  As  was  noted  above,  the  rate  ratio  of  the  two  halves  of  the  split 
preparation  is  that  of  the  two  right  and  left  caval  veins  respectively, 
because-  they  initiate  the  rhythm  for  their  respective  sides. 

Whenever  a  certain  ratio  between  the  right  and  left  halves  has 
been  established  this  ratio  remains  remarkably  constant;  for  ex- 
ample, the  following  table  gives  the  results  of  varying  the  rates  of 
the  two  halves  simultaneously  by  pouring  saUne  solutions  of  different 
temperatures  over  the  heart.  The  solution,  of  course,  mixed  with 
that  already  about  the  heart  so  that  the  temperatnre  could  not  be 
accurately  determined,  and  is  only  indicated  by  letters  lest  mislead- 
ing conclusions  should  be  drawn.    The  temperature  of  the  two  halves 
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is  approximately  the  same.    The  results  of  this  experiment  are  shown 
in  Table  I. 

It  is  thus  seen  that  the  ratio  of  the  rhythm  of  right  to  that  of  left 
side  (in  this  experiment  averaging  2.26),  remains  quite  constant, 
while  the  actual  rates  vary  from  5.7  per  minute  to  60  per  minute. 
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Figure  5.  — '■  Tracing  taken  from  the  right  and  left  auricles  R  and  L  respectively.  Be- 
tween the  portions  A  and  B  the  heart  was  split  sagittally.  The  slow  rhythm  of  the 
left  half  is  thus  revealed. 

The  "^ht"  preparation  has  adapted  itself  to  another  interesting 
series  of  experiments  which  confirm  and  strengthen  the  experimental 
evidence  that  the  two  sides  of  the  base  of  the  heart  possess  different 
inherent  rhythmicity.  If  the  sagittal  section  be  carried  in  the  median 
plane  from  the  base  of  the  heart  toward  the  apex,  but  only  involving 
the  auricular  portion  of  the  ventricle,  leaving  a  good  conducting 
bridge  between  the  right  and  left  ventricular  masses  thus  partially 
separated,  we  have  a  trouser-like  preparation  which  may  be  likened 
to  the  ascidian  heart. 

This  "ascidian"  preparation,  if  it  has  been  successfully  made  and 
has  no  regions  of  block,  will  be  found  to  conduct  the  impulses  from 
the  right  end  to  the  left.  The  beat  arises  in  the  right  pre-  and  post- 
caval veins,  and 'the  wave  involves  successively  the  right  part  of  the 
sinus,  right  auricle,  right  ventricular  mass,  left  ventricular  mass, 
left  auricle,  left  half  of  the  sinus,  and  left  pre-caval  vein. 
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As  is  well  known,  the  heart  of  ascidians  normally  reverses  the  direc- 
tion of  its  beat  from  time  to  time,  and  this  is  due  to  the  fact  that  the 
rhythmicity  of  the  two  ends,  which  initiate  the  contractions,  is  prac- 
tically identical,  so  that  very  slight  alterations  in  the  conditions 
existing  at  either  end  will  determine  a  reversal  —  conditions  such  as 
temperature  or  possibly  of  pressure  due  to  accumulation  of  blood. 

TABLE   I. 


Temperature. 

Absolute  rate 
of  right  half. 

On  the  left 
side  = 

On  the  right 
side. 

Ratio  of 

22°  C. 

Per  mln. 

19.6 

Contractions 

5  = 

Contractions 

11.7 

2.34 

a 

30.0 

8  = 

19.5 

2.44 

b 

40.0 

10  = 

20.6 

2.06 

c 

52.0 

10  = 

21.8 

2.18 

d 

60.0 

10  = 

24.5 

2.45 

e 

34.0 

10  = 

19.6 

1.96 

f 

24.0 

5  = 

12.3 

2.46 

g 

20.0 

3  = 

6.8 

2.26 

h 

5.7 

2  = 

4.4 

2.2 

If  the  ascidian  heart  be  divided  by  median  section  into  two  equal 
parts,  the  pieces  will  both  beat,  the  waves  running  from  the  ends 
toward  the  plane  of  section,  and  the  rates  will  be  approximately 
equal  in  the  two  halves,  although  the  pieces  will  not  necessarily  be 
beating  in  the  same  phase.  When  our  "ascidian"  preparation  of  the 
turtle's  heart  is  divided  in  this  manner,  we  have  the  condition 
of  right  and  left  halves  considered  above  —  the  two  halves  beat 
at  different  rates.  The  "ascidian"  preparation  may  be  manipulated 
in  other  ways  to  demonstrate  the  difference  existing  in  the  rhyth- 
micity of  the  right  and  left  sides;  for  example,  one  can  clamp  off 
or  cut  away  the  veins  and  sinus  of  the  right  leg  of  the  preparation, 
whereupon,  after  a  temporary  stand-still,  the  preparation  again 
begins  to  beat,  but  the  direction  of  progression  of  the  wave  has  been 
reversed;  it  now  passes  from  left  to  right,  and  the  rate  is  slower 
than  normal  —  it  is  the  rate  of  the  left  side. 
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Far  more  striking  and  beautiful  is  the  experiment  in  which  the 
right  vagus  nerve  of  an  "ascidian"  preparation  is  stimulated.  In 
such  an  experiment  the  whole  basal  part  of  the  right  side,  including 
veins,  sinus,  and  auricular  portion  of  the  preparation,  are  inhibited; 
as  in  the  previously  described  case,  the  veins  of  the  left  side  now 
initiate  a  slower  rate  and  the  wave  progresses  from  left  to  right  in- 
volving the  ventricles,  but  is  lost  in  the  auricle  of  the  right  half  of 
the  preparation,  i.  e.,  when  the  wave  meets  tissue  under  vagus 
influence. 

An  attempt  was  made  by  the  author  to  reverse  the  direction  of 
beat  in  the  "ascidian"  preparation  by  altering  the  temperature  of 
the  venous  ends  of  the  preparation  by  the  use  of  galvanic  resistance 
wire  after  the  method  of  Engelmann.^  In  the  frog  it  is  a  simple  matter 
to  thus  start  a  beat  at  a  localized  heated  area  on  any  of  the  basal 
veins,  but  the  method  is  far  less  certain  in  the  turtle  heart  owing  to 
the  difference  in  the  rhythmicity  of  the  veins  of  the  two  sides;  if, 
for  example,  the  ratio  is  /l  =  4.1,  it  follows,  from  the  large  amount 
of  work  which  has  been  done  on  the  question  of  temperature  co- 
efficient, and  heart  rate,  that  a  difference  in  temperature  between 
the  right  and  left  sides  of  our  preparation  of.  approximately  20°  C. 
must  be  maintained.^"  This  was  difficult  to  accomphsh  in  our  labora- 
tories with  the  heart  in  situ,  but  was  readily  effected  in  hearts  re- 
moved from  the  body  if  they  had  been  successfully  split,  i.  e.,  without 
the  presence  of  "blocks"  due.  to  the  section.  The  simplest  manner 
of  proceeding  in  these  cases  was  to  suspend  the  preparation  by  the 
ventricle  and  allow  the  right  and  left  halves  to  depend  into  beakers 
of  Ringer's  solution  of  the  proper  temperatures.  Thus,  if  the  room 
temperature  be  22°  C.  at  both  ends,  the  wave  will  pass  from  right  to 
left,  but  if  the  temperature  of  the  left  limb  be  made  30°  C.  and  that 
of  the  right  10°  C,  the  wave  will  pass  from  left  to  right.  Finally, 
under  this  head  it  should  be  stated  that  in  one  instance  I  attached 
^  writing  lever  to  the  vein  of  the  left  side  of  the  "ascidian"  prepara- 
tion, the  mechanical  stretching  thus  effected  sufficed  to  raise  the 
excitability  to  a  point  at  which  the  impulses  generated  on  the  left 

^  Engelmann:  Archiv  fiir  die  gcsammte  Physiologic,  1896,  Ixv,  pp.  131-132. 
^°  C.  D.  Snyder:  University  of  Califoniia  publications,  Physiologj'.  1905,  ii, 
p.  125,  and  Archiv  fur  Physiologic,  1907,  p.  118;   T.  B.  Robertson,  Biological 
bulletin,  1906,  x,  p.  242. 
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side  had  a  more  rapid  rate  than  the  rate  of  discharge  of  the  veins  of 
the  right  side,  a  consequent  reversal  of  the  direction  of  the  wave 
took  place.  The  direction  of  the  wave  could  be  controlled  at  will 
by  the  application  of  or  removal  of  the  stretching  due  to  this  lever. 

Having  established,  by  these  methods,  the  fact  that  there  exists  a 
marked  difference  in  the  inherent  rhythmicity  of  the  two  sides  of  the  base 
of  the  heart,  and  having  proven  that  the  beat  normally  originates  in 
the  veins  of  the  right  side  near  their  ostia,  we  are  in  a  position  to  give 
the  results  and  interpretation  of  our  investigations  on  the  different 
behavior  of  the  right  and  left  vagi  of  the  turtle  —  results  which  give 
us  the  solution  of  the  problem  which  we  have  set  before  us. 


The  Action  of  the  Vagi. 

In  every  individual  examined  in  the  course  of  this  investigation 
it  was  possible  to  demonstrate  a  quantitative  difference  in  the  action 
of  the  two  vagi.  For  a  true  conception  of  the  variations  in  the  action 
of  these  two  nerves  it  is  necessary  to  examine  the  eft'ects  of  each  upon 
the  different  parts  of  the  heart,  auricles,  sinus,  and  veins,  and  also 
to  examine  the  effects  upon  the  lateral  halves  of  the  heart.  It  is  fur- 
ther necessary  to  make  this  examination  not  only  in  the  intact  heart 
but  also  upon  the  different  parts  beating  after  physiological  isola- 
tion from  the  rest  of  the  heart.  Gaskell  ^^  found  that  the  right  vagus 
only  had  a  chronotropic  effect,  but  that  both  vagi  affected  the  auricle. 
Mills  discovered  what  had  escaped  Gaskell,  viz.,  a  unilateral  action  of 
the  vagi  exerted  upon  both  the  auricles  and  the  basal  veins,  but  Mills 
made  no  graphic  record  of  his  experiments,  and  thus  overlooked 
many  important  points,  in  fact  the  very  points  which  give  the  true 
explanation  of  the  differences  existing  between  the  action  of  the  two 
nerves. 

In  many  instances  both  vagi  will  apparently  produce  the  same  in- 
hibitory effect  upon  the  heart,  but  if  tracings  are  taken  of  the  right 
pre-  and  post-caval  veins  and  of  the  right  auricle  it  is  easily  seen  that 
the  cause  of  the  cardiac  quiescence  is  usually  quite  different  for  the 
two  vagi.  The  right  vagus  exerts  a  chronotropic  effect,  as  well  as  other 
effects,  upon  the  right  veins  and  produces  quiescence  of  the  auricles 

"  Gaskell:  Loc  cit.,  Fig.  5,  Plate  III. 
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and  ventricles  mainly  through  its  chronotropic  effects,  rarely,  with 
weak  stimuli,  the  effect  is  brought  about  by  production  of  a  sino- 
auricular  block,  although  in  these  cases  the  inotropic  and  other  effects 
are  also  apparent.  When  the  left  vagus  causes  quiescence  of  the 
auricles  and  ventricles,  it  does  so  in  a  totally  different  way.  The 
veins  of  the  right  side  are  usually  unaft'ected;    they  continue  to  beat 
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Figure  6.  —  Four  fifths  the  original  size.  Simultaneous  tracing  of  the  right  auricle 
(lower  curve)  and  the  right  post  caval  vein  (upper  curve).  At  L  the  left  vagus  was 
stimulated,  no  effect  was  produced  upon  the  right  veins,  but  the  effects  on  the  auricles 
are  marked  and  the  ventricle  ceased  beating.  For  further  e.xplanation  see  text. 
Time  in  seconds. 

with  their  normal  rate  and  force,  but  the  left  vagus  decreases  the  ex- 
citability, conductivit}^,  and  contractility  of  the  auricles  to  a  point 
at  which  they  fail  to  respond  to  the  stimulus  of  the  pace-maker,  thus 
no  impulses  can  pass  through  to  the  ventricle.  Fig.  6  illustrates  this 
point,  the  tracings  being  taken  from  the  right  veins  and  right  auricle; 
the  latter  is  seen  to  come  to  a  complete  stand-still  while  the  former 
are  entirely  unaffected;  the  ventricles  also  ceased  beating.  Had  a 
tracing  of  the  left  vein  been  taken  it  would  have  been  found  to  have 
been  affected  precisely  as  were  the  auricles.  A  homolateral  effect 
upon  the  basal  veins  was  thus  demonstrated.  Similarly  the  diff"erence 
in  the  action  of  the  two  vagi  upon  the  right  caval  veins  is  well  illus- 
trated in  Fig.  7,  taken  from  the  right  veins  of  the  intact  heart.  The 
left  vagus  was  stimulated  with  strong  interrupted  shocks  (4  cm.); 
only  a  loss  of  tone  is  evident,  which  was  due  to  the  effect  upon  the  left 
vein  (not  registering),  but  there  was  no  effect  upon  the  rate  or  strength 
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of  the  right  veins.    When  the  right  vagus  was  stimulated  with  weak 
interrupted  shocks  (ii  cm.),  the  right  veins  were  at  once  inhibited. 
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Figure  7.  —  Four  fifths  the  original  size.  Tracing  of  the  right  caval  veins  showing 
that  the  left  vagus  (stimulated  at  L)  is  ineffective,  while  the  right  vagus,  stimulated 
at  i?,  is  effective  upon  this  cardiac  "pace-maker." 
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Correction.  —  The  legerfd  of  Fig.  8  should  read: 

FiGUiiE  8.  —  One  half  the  original  size.  Tracings  taken  from  the  right  caval  veins 
(lower  curve  in  ^,  S,  C,  D)  and  left  caval  vein  (upper  curve)  to  show  the  homo- 
lateral effects  of  stimulation  of  the  vagus.  R  and  R'  =  stimulation  of  -the  right 
vagus  with  weak  and  strong  currents  respectively.  At  L  and  L'  the  left  vagus  was 
stimulated  by  weak  and  strong  currents  respectively.  Further  explanation  in  the 
text. 
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Figure  8.  —  One  half  the  original  size.  Tracings  taken  from  the  right  caval  veins 
(upper  curve  in  A,  B,  C,  D)  and  left  caval  vein  (lower  curve)  to  show  the  homo- 
lateral effects  of  stimulation  of  the  vagus.  R  and  R'  =  stimulation  of  the  right 
vagus  with  weak  and  strong  currents  respectively.  At  L  and  L'  the  left  va^us  was 
stimulated  by  weak  and  strong  currents  respectively.  Further  explanation  in  the 
text. 

as  a  result  of  compression  between  them.  The  right  vagus  stops 
the  beat  of  the  right  vein,  as  expected.  It  is  readily  seen,  however, 
that  the  left  vagus  also  exerts  all  of  the  t}T3ical  vagus  effects  on  the 
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and  ventricles  mainly  through  its  chronotropic  effects,  rarely,  with 
weak  stimuli,  the  effect  is  brought  about  by  production  of  a  sino- 
auricular  block,  although  in  these  cases  the  inotropic  and  other  effects 
are  also  apparent.  When  the  left  vagus  causes  quiescence  of  the 
auricles  and  ventricles,  it  does  so  in  a  totally  different  way.  The 
veins  of  the  right  side  are  usually  unaffected;   they  continue  to  beat 
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citabihty,  conductivity,  and  contractility  of  the  auricles  to  a  point 
at  which  they  fail  to  respond  to  the  stimulus  of  the  pace-maker,  thus 
no  impulses  can  pass  through  to  the  ventricle.  Fig.  6  illustrates  this 
point,  the  tracings  being  taken  from  the  right  veins  and  right  auricle ; 
the  latter  is  seen  to  come  to  a  complete  stand-still  while  the  former 
are  entirely  unaffected;  the  ventricles  also  ceased  beating.  Had  a 
tracing  of  the  left  vein  been  taken  it  would  have  been  found  to  have 
been  affected  precisely  as  were  the  auricles.  A  homolateral  effect 
upon  the  basal  veins  was  thus  demonstrated.  Similarly  the  difference 
in  the  action  of  the  two  vagi  upon  the  right  caval  veins  is  well  illus- 
trated in  Fig.  7,  taken  from  the  right  veins  of  the  intact  heart.  The 
left  vagus  was  stimulated  with  strong  interrupted  shocks  (4  cm.) ; 
only  a  loss  of  tone  is  evident,  which  was  due  to  the  effect  upon  the  left 
vein  (not  registering),  but  there  was  no  effect  upon  the  rate  or  strength 
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of  the  right  veins.    When  the  right  vagus  was  stimulated  with  weak 
interrupted  shocks  (ii  cm.),  the  right  veins  were  at  once  inhibited. 
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Figure  7.  —  Four  fifths  the  original  size.  Tracing  of  the  right  caval  veins  showing 
that  the  left  vagus  (stimulated  at  L)  is  ineffective,  while  the  right  vagus,  stimulated 
at  R,  is  effective  upon  this  cardiac  "pace-maker." 

The  homolateral  effects  of  the  vagi  on  the  veins  is  demonstrated  by 
these  tracings  and  is  especially  well  seen  upon  referring  to  Figs.  4 
and  8.    As  shown  above,  the  veins  in  Fig.  4  are  beating  independently 
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Figure  8.  —  One  half  the  original  size.  Tracings  taken  from  the  right  caval  veins 
(upper  curve  in  A,  B,  C,  D)  and  left  caval  vein  (lower  curve)  to  show  the  homo- 
lateral effects  of  stimulation  of  the  vagus.  R  and  R'  =  stimulation  of  the  right 
vagus  with  weak  and  strong  currents  respectively.  At  L  ani  L'  the  left  va^us  was 
stimulated  by  weak  and  strong  currents  respectively.  Further  explanation  in  the 
text. 

as  a  result  of  compression  between  them.  The  right  vagus  stops 
the  beat  of  the  right  vein,  as  expected.  It  is  readily  seen,  however, 
that  the  left  vagus  also  exerts  all  of  the  typical  vagus  effects  on  the 
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left  vein,  although  a  test  upon  the  intact  heart  failed  to  reveal  any- 
marked  chronotropic  changes  resulting  from  stimulation  of  this  nerve. 

It  must  not  be  inferred  from  what  has  been  said  in  this  discussion 
that  the  unilateral  effects  are  absolute  and  invariable,  although  Mills 
stated  this  to  be  the  case;  while  it  is  true  that  in  many  instances  we 
are  unable  to  demonstrate  any  crossed  effects  upon  the  basal  veins, 
in  many  other  cases  they  can  be  demonstrated,  but  in  these  latter 
instances  a  much  stronger  stimulation  of  the  vagus  nerve  is  required. 
These  points  are  illustrated  in  Fig.  8,  A,  B,  C,  and  D,  the  tracing 
being  taken  from  the  right  and  left  veins  of  the  intact  heart.  In  A 
and  B  the  action  of  the  right  vagus  is  shown  when  stimulated  with 
weak  (R)  and  strong  (R')  induced  shocks  respectively.  It  is  noted 
in  both  these  tracings  that  the  preponderant  effect  was  on  the  homo- 
lateral vein,  as  is  indicated  by  the  effect  upon  the  height  of  contrac- 
tion. In  C  and  D  of  the  same  figure  the  effects  of  stimulation  of  the 
left  vagus  are  seen;  with  a  weak  current  (L)  the  effect  was  confined 
almost  exclusively  to  the  homolateral  vein,  while  the  stronger  stimu- 
lation sufficed  to  produce  crossed  effects  to  the  right  side  as  well  and 
to  induce  thereby  chronotropic  effects.  These  four  tracings  from 
the  veins  illustrate  indubitably  the  fact  that  the  preponderant. action 
of  the  vagus  is  homolateral,  but  they  show  also  that  crossed  effects 
are  possible,  at  least  when  the  vagus  stimulation  is  very  strong,  and 
show  also  that  in  addition  to  a  cardiac  quiescence  produced  by  an 
effect  solely  upon  the  auricles  {cf.  description  of  Fig.  6,  p.  342)  the 
left  vagus,  in  some  instances  at  least,  may  produce  true  chronotropic 
eft'ects  if  the  stimulus  is  sufficiently  strong.  It  may  be  well  to  state 
that  these  crossed  vagus  effects  are  the  result  of  a  crossing  which 
takes  place  wholly  within  the  substance  of  the  heart  itself;  there  is 
no  crossing  of  impulses  from  side  to  side  through  an  extra-cardiac 
plexus  as  in  mammals,  for  it  is  possible  to  make  a  median  sagittal 
section  through  all  body  tissues  except  the  heart  and  still  not  inter- 
fere with  such  crossed  effects  as  are  possible. 

The  limits  of  this  paper  do  not  permit  of  extensive  speculation  on 
the  question  of  how  the  crossed  effects  are  produced,  but  it  is  certain 
that  muscular  fibres  are  affected  by  strong  stimulation  which  are  not 
involved  by  weaker  stimulation  of  the  vagi.  And  it  would  certainly 
be  most  interesting  to  learn  whether  the  stronger  stimulation  in- 
volves more  fibres  in  the  vagus  trunk,  or  whether  new  paths  in  the 
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post-ganglionic  plexus  are  broken  into,  as  in  irradiation  in  the  central 
nervous  system.  These  experiments  open  up  another  important 
question  whether  the  weakening  of  the  contraction  resulting  from 
weak  vagus  stimulation  is  ever  due  to  a  slight  involvement  of  aU  the 
muscle  fibres,  or  whether  only  a  part  of  the  musculature  is  involved 
in  the  inhibition  while  the  rest  remains  unaffected  and  beats  with 
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Figure  9.  —  One  half  the  original  size.  Tracing  of  the  right  (lower  cur\-e)  and  left 
auricles  (upper  curve)  after  splitting  sagittally  into  lateral  halves.  At  A  the  right 
vagus  was  stimulated,  at  B  the  left  vagus.  The  latter  showed  tj'pical  chronotropic 
and  other  effects  upon  the  spontaneous  beats  of  its  homolateral  half;  previous  to 
splitting  this  nerve  produced  no  chronotropic  effects  upon  the  heart  beat. 

full  force.  It  certainly  looks  as  if  the  latter  were  the  case.  Again,  if 
the  effect  of  varying  the  strength  of  nerve  stimulation  depends  upon 
a  variation  in  the  number  of  vagus  nerve  fibres  involved,  future  in- 
vestigation may  well  show  that  the  "all  or  none  law,"  as  applied  to 
the  heart,  may  also  apply  to  the  contraction  of  individual  fibres  of 
skeletal  muscle. 

It  was  demonstrated  above  that  even  in  those  cases  in  which 
strongest  stimulation  of  the  left  vagus  failed  to  stop  the  heart,  topical 
chronotropic  effects  of  this  nerve  could  be  induced  on  the  left  vein 
if  it  were  cut  away  from  the  heart  and  thus  beat  in  its  own  rhythm; 
the  same  fact  is  beautifully  demonstrated  by  the  use  of  the  "split" 
heart  prepared  as  described  above  (page  336).  Fig.  9  represents  a 
tracing  from  such  a  preparation,  the  levers  being  attached  to  the 
auricles.  In  this  experiment  it  was  not  possible  to  stop  the  intact 
heart  by  stimulation  of  the  left  vagus.  It  is  seen,  however,  that  when 
the  left  half  initiated  its  own  rhythm  the  left  vagus  had  the  same 
effect  upon  it  that  the  right  vagus  had  upon  the  right  half.  It  is  clear 
from  these  experiments  that  both  vagi  are  active  when  the  portions  of 
the  heart  which  they  individually  innervate  initiate  their  own  rhythm. 
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The  conception  of  a  more  or  less  sharply  defined  homolateral  and 
local  action  of  the  vagi  is  more  strongly  emphasized  if  we  study  the 
action  of  each  vagus  upon  its  corresponding  auricle.  Here,  again, 
the  reference  to  tracings  makes  conditions  most  clear.  In  Fig.  lo  trac- 
ings are  taken  with  the  levers  of  like  dimensions  attached  to  the 

auricles.  The  left  vagus  was  stimu- 
lated at  A  with  the  secondarv  coil  at 
4  cm.;  even  this  strong  current  pro- 
duced no  change  in  the  rate,  but  only 
tonus  changes  in  the  height  of  con- 
traction, the  effect  upon  the  left  au- 
ricle being  much  more  pronounced 
than  upon  the  right.  When  the  right 
vagus  was  stimulated  at  B  with  a 
much  weaker  current  (secondary  at 
9  cm.),  a  change  in  rate  was  effected  as 
a  result  of  action  on  the  veins  of  the 
right  side;   at  the  same  time   the   de- 


P'lGURE  10.  —  One  half  the  original 
size.  Tracings  of  the  auricular 
contractions  showing  the  homo- 
lateral eilects  of  the  vagi.  Upper, 
from  the  left  auricle;  lower,  from 
the  right  auricle.  A  =  stimulation 
of  the  left  vagus;  B=  stimulation 
of  the  right  vagus. 


crease   in   height    of   contraction    was 


much  more  pronounced  upon  the  right 
auricle  than  upon  the  left.  Similar 
effects  were  noted  in  all  other  tracings  made  by  the  author;  the 
effects  were  found  to  be  more  pronounced  and  to  last  longer  on  the 
auricle  homolateral  to  the  vagus  stimulated,  even  when,  for  com- 
parison; the  strength  of  stimuli  applied  to  the  two  nerves  was  equal. 
Another  experiment  was  devised  to  show  the  effects  of  stimulation 
of  the  vagi  with  single  induction  shocks  thrown  in  at  dift'erent  in- 
tervals. The  graphic  results  are  not  shown,  but  an  analysis  of  the 
tracings  is  given  in  Table  II. 

It  follows  from  this  analysis  that  the  homolateral  effect  of  each 
vagus  is  decidedly  greater  than  the  contralateral.  This  is  best  shown 
under  the  effects  of  left  vagus  stimulation  because  the  rate  and  regu- 
larity of  contraction  are  unaft'ected.  Although  the  greater  eft"ect  is 
shown  on  the  side  of  the  vagus  stimulated,  the  experiments  also 
bring  out  clearly  that  in  the  auricles  as  in  the  veins  and  sinus  the 
vagus  eft'ects  may  cross  to  the  contralateral  side,  which  is  contrary 
to  the  statement  made  by  Mills  (loc.  cit.).  In  the  experiment  just 
analyzed  the  strongest  induced  shocks  were  utilized. 
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The  above  considerations  put  us  in  a  position  to  amplify  the  in- 
terpretation of  the  action  of  the  left  vagus  made  above.  In  all  of 
those  cases  in  which  the  left  vagus  seems  to  have  no  effect  upon  the 
heart,  examination  shows  that  in  reahty  it  does  decrease  partially 


TABLE   II. 
Right  Vagus  Stimulated. 


Stimula- 
tion in- 
terval. 

Right  auricle 
(height  decreased). 

Per  cent 
decrease. 

Left  auricle 
(height  decreased). 

Per  cent 
decrease. 

1 

2 

5 

10 

20 

Complete  quiescence 
From  18  mm.  to  10  mm. 
From  24  mm.  to  18  mm. 
From  21  mm.  to  18  mm. 
Well-marked  waves 

44 
25 
14 

Complete  quiescence 

From  19  mm.  to  15  mm. 

From  20  mm.  to  18  mm. 

From  20  mm.  to  18  mm. 

Waves  ver>'  slight 

21 
10 
10 

Left  Vagus  Stimulated. 

1 

2 
5 

10 
20 

From  20  mm.  to  10  mm. 
From  21  mm.  to  14  mm. 
From  23  mm.  to  18  mm. 
From  23  mm.  to  20  mm. 
Most  marked  waves 

50 
33 
21 
13 

From  20  mm.  to    3  mm. 
From  20  mm.  to    8  mm. 
From  21  mm.  to  10|  mm. 
From  21  mm.  to  14  mm. 
Waves  less  marked 

85 
60 
50 
33 

or  completely  the  contraction  of  the  homolateral  part  of  the  base  of 
the  heart  (left  vein  and  left  part  of  the  sinus);  it  does  also  affect 
profoundly  the  height  of  contraction  of  the  left  auricle,  and  to  a 
lesser  extent  that  of  the  right  auricle;  the  rate  of  contraction  is  not 
affected  in  these  cases  because  the  left  vagus  does  not  innervate  the 
pace-maker  (right  veins),  and  the  auricles,  or  at  least  the  right  auricle, 
is  still  able  to  conduct  impulses  to  the  ventricle  in  spite  of  the  evi- 
dent effects  of  the  vagus.  If  we  examine  critically  those  cases  in 
which  the  left  vagus  stops  the  heart,  we  find  that  it  does  so  in  a  very 
different  way  from  that  in  which  the  right  vagus  acts,  for  we  find, 
as  noted  above,  that  the  right  veins  in  reahty  continue  to  beat  in  the 
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The  conception  of  a  more  or  less  sharply  defined  homolateral  and 
local  action  of  the  vagi  is  more  strongly  emphasized  if  we  study  the 
action  of  each  vagus  upon  its  corresponding  auricle.  Here,  again, 
the  reference  to  tracings  makes  conditions  most  clear.  In  Fig.  lo  trac- 
ings are  taken  with  the  levers  of  like  dimensions  attached  to  the 

auricles.  The  left  vagus  was  stimu- 
lated at  A  with  the  secondarv  coil  at 
4  cm.;  even  this  strong  current  pro- 
duced no  change  in  the  rate,  but  only 
tonus  changes  in  the  height  of  con- 
traction, the  effect  upon  the  left  au- 
ricle being  much  more  pronounced 
than  upon  the  right.  When  the  right 
vagus  was  stimulated  at  B  with  a 
much  weaker  current  (secondary  at 
9  cm.),  a  change  in  rate  was  effected  as 
a  result  of  action  on  the  veins  of  the 
right  side ;  at  the  same  time  the  de- 
crease in  height  of  contraction  was 
much  more  pronounced  upon  the  right 
auricle  than  upon  the  left.  Similar 
effects  were  noted  in  all  other  tracings  made  by  the  author;  the 
effects  were  found  to  be  more  pronounced  and  to  last  longer  on  the 
auricle  homolateral  to  the  vagus  stimulated,  even  when,  for  com- 
parison-, the  strength  of  stimuli  applied  to  the  two  nerves  was  equal. 
Another  experiment  was  devised  to  show  the  effects  of  stimulation 
of  the  vagi  with  single  induction  shocks  thrown  in  at  different  in- 
tervals. The  graphic  results  are  not  shown,  but  an  analysis  of  the 
tracings  is  given  in  Table  II. 

It  follows  from  this  analysis  that  the  homolateral  effect  of  each 
vagus  is  decidedly  greater  than  the  contralateral.  This  is  best  shown 
under  the  effects  of  left  vagus  stimulation  because  the  rate  and  regu- 
larity of  contraction  are  unaffected.  Although  the  greater  effect  is 
shown  on  the  side  of  the  vagus  stimulated,  the  experiments  also 
bring  out  clearly  that  in  the  auricles  as  in  the  veins  and  sinus  the 
vagus  effects  may  cross  to  the  contralateral  side,  which  is  contrary 
to  the  statement  made  by  Mills  (loc.  cit.).  In  the  experiment  just 
analyzed  the  strongest  induced  shocks  were  utilized. 


P'iGURE  10.  —  One  half  the  original 
size.  Tracings  of  the  auricular 
contractions  showing  the  homo- 
lateral effects  of  the  vagi.  Upper, 
from  the  left  auricle;  lower,  from 
the  right  auricle.  A  =  stimulation 
of  the  left  vagus;  B  =  stimulation 
of  the  right  vagus. 
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The  above  considerations  put  us  in  a  position  to  amplify  the  in- 
terpretation of  the  action  of  the  left  vagus  made  above.  In  all  of 
those  cases  in  which  the  left  vagus  seems  to  have  no  effect  upon  the 
heart,  examination  shows  that  in  reality  it  does  decrease  partially 


TABLE  II. 

Right  V.\gus  SxiMtiXATED. 


Stimula- 
tion in- 
terval. 

Right  auricle 
(height  decreased). 

Per  cent 
decrease. 

Left  auricle 
(height  decreased). 

Per  cent 
decrease. 

1 

2 

5 

10 

20 

Complete  quiescence 
From  18  mm.  to  10  mm. 
From  24  mm.  to  18  mm. 
From  21  mm.  to  18  mm. 
Well-marked  waves 

44 
25 
14 

Complete  quiescence 

From  19  mm.  to  15  mm. 

From  20  mm.  to  18  mm. 

From  20  mm.  to  18  mm. 

Waves  very  slight 

21 
10 
10 

Left  Vagus  STratJLATED. 

1 

2 

5 

10 

20 

From  20  mm.  to  10  mm. 
From  21  mm.  to  14  mm. 
From  23  mm.  to  18  mm. 
From  23  mm.  to  20  mm. 
Most  marked  waves 

50 

id, 

21 
13 

From  20  mm.  to    3  mm. 
From  20  mm.  to    8  mm. 
From  21  mm.  to  10|  mm. 
From  21  mm.  to  14  mm. 
Waves  less  marked 

85 
60 
50 
Z2, 

or  completely  the  contraction  of  the  homolateral  part  of  the  base  of 
the  heart  (left  vein  and  left  part  of  the  sinus);  it  does  also  affect 
profoundly  the  height  of  contraction  of  the  left  auricle,  and  to  a 
lesser  extent  that  of  the  right  auricle;  the  rate  of  contraction  is  not 
affected  in  these  cases  because  the  left  vagus  does  not  innervate  the 
pace-maker  (right  veins) ,  and  the  auricles,  or  at  least  the  right  auricle, 
is  still  able  to  conduct  impulses  to  the  ventricle  in  spite  of  the  evi- 
dent effects  of  the  vagus.  If  we  examine  critically  those  cases  in 
which  the  left  vagus  stops  the  heart,  we  find  that  it  does  so  in  a  very 
different  way  from  that  in  which  the  right  vagus  acts,  for  we  find, 
as  noted  above,  that  the  right  veins  in  reality  continue  to  beat  in  the 
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localized  and  terminal,  and  are  exerted  upon  the  contracting  muscle 
wholly  independent  of  any  effects  upon  the  region  of  the  heart  which 
is  responsible  for  the  inception  of  rhythm  and  rate  —  a  condition 
which  is  very  different  from  that  which  has  been  shown  by  Carlson 
to  exist  in  Limulus.^^ 

Summary. 

1.  The  rhythmicity  of  the  veins  entering  the  right  side  of  the 
basal  portion  of  the  turtle's  heart  is  greater  than  that  of  the  vein  of 
the  left  side.  When  isolated  from  the  heart,  the  right  veins  may 
beat  from  two  to  four  times  as  fast  as  the  left.  Similarly,  when  the 
heart  is  cut  sagittally  into  lateral  halves,  the  right  half  beats  faster 
than  the  left. 

2.  The  beat  of  the  turtle's  heart  normally  starts  in  the  veins  of 
the  right  side;  a  distinct  pause  marks  the  progress  of  the  contraction 
wave  at  the  right  veno-sinus  junction,  and  another  pause  intervenes 
as  the  wave  passes  from  sinus  to  left  vein.  Thus  the  veins  must  be 
looked  upon  as  separate  tubular  heart  cavities,  physiologically  as 
distinct  as  is  the  sinus. 

3.  When  the  heart  is  split  sagittally,  the  rhythm  of  the  left  half  is 
initiated  in  the  vein  of  that  side,  and  is  slower  than  that  of  the  right 
half. 

4.  The  vagi  of  the  turtle,  when  stimulated,  show  a  preponderant 
homolateral  effect  which  is  most  pronounced  upon  the  basal  veins  — 
less  so  in  the  auricles.  Crossed  effects  may  be  obtained  in 
some  cases,  even  upon  the  basal  veins,  when  the  vagi  are  strongly 
stimulated. 

5.  The  left  vagus  is  less  effective  upon  the  normal  rhythm  of  the 
heart  than  is  the  right  vagus.  This  is  due  to  the  fact  that  it  does  not 
innervate  the  right  vein  which  initiates  the  cardiac  rhythm. 

6.  In  those  cases  in  which  the  left  vagus  fails  to  show  chronotropic 
effects  upon  the  intact  heart  it  can  still  be  shown  to  produce  quies- 
cence of  the  left  vein  and  left  auricle.     Furthermore  in  these  same 

^^  These  localized  effects  are  chronotropic  if  they  affect  the  fastest  beating 
portion  of  the  heart  —  and  then  only  —  but  may  affect  the  rate  of  any  part  of 
the  heart  which  beats  automatically  and  is  innervated  by  the  vagus.  The  details 
of  the  chronotropic  effects  of  the  vagi  on  different  parts  of  the  heart  are  now 
being  investigated  further. 
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cases,  if  the  heart  be  split  sagittally  and  the  left  half  beats, 
the  left  vagus  is  found  to  produce  typical  chronotropic  as  well  as 
other  effects. 

Addendum.  —  Since  the  above  article  went  to  press  the  author  has  had  the 
opportunity,  through  the  courtesies  extended  him  at  the  U.  S.  Fisheries  Labo- 
ratory at  Beaufort,  N.  C,  of  conducting  investigations  upon  three  species  of 
marine  turtles,  viz.,  Chelonia  mydas,  Colpochelys  kempi,  and  Carctta  caretta.  All 
three  of  these  species  show  the  vagus  iibres  of  the  right  side  to  be  the  more 
effective.  The  enormous  size  of  these  hearts  makes  it  easy  to  determine  the 
point  of  origin  of  beat  to  be  in  the  right  veins.  The  "split"  heart  and  "ascid- 
ian"  heart  preparation  can  be  made  without  functional  derangement  or  produc- 
tion of  blocks.  All  experiments  confirm  the  results  detailed  in  the  body  of  this 
article. 


REGENERATION  OF  AUERBACH'S  PLEXUS    IN  THE 

SMALL   INTESTINE. 

By  WALTER  J.   MEEK. 

[From  the  Physiological  Laboratory  of  the  University  of  Wisconsin.] 

TN  a  previous  communication  ^  on  this  subject  from  Dr.  Carlson's 
-*-  laboratory,  it  was  shown  that  after  transection  of  the  small  in- 
testine, physiological  restoration,  as  determined  by  the  passage  of  a 
peristaltic  wave  across  the  lesion,  could  be  demonstrated  as  early  as 
the  eighth  day.  On  closer  analysis  this  peristaltic  wave  was  found  to 
depend  for  its  transmission  on  a  purely  mechanical  factor,  the  tug  of 
the  musculature  at  the  line  of  transection.  The  passage  of  a  wave 
of  contraction  was  thus  shown  to  be  insufhcient  as  a  test  for  the  re- 
generation of  the  nervous  motor  mechanism  of  the  intestine.  Re- 
course was  then  had  to  histological  methods.  By  means  of  the  gold 
chloride  stain  regeneration  of  certain  fibres  in  Auerbach's  plexus 
was  shown  in  one  of  six  dogs,  one  hundred  and  eighty  days  after 
transection.  Unfortunately  the  origin  of  the  fibres  was  not  definitely 
known.  Instead  of  being  outgrowths  of  nerve  cells  in  the  intestinal 
plexus,  they  might  have  been  postganglionic  axones  from  extrinsic 
abdominal  ganglia. 

The  problem  has  been  taken  up  anew  in  hopes  of  being  able  to  de- 
monstrate conclusively  a  regeneration  of  the  plexus  of  Auerbach 
accompanied  by  a  return  of  complete  physiological  function.  Re- 
generation has  therefore  been  tested  both  histologically  and  phys- 
iologically. Histologically  the  gold  chloride  stain  was  again  used 
and  reduction  brought  about  in  arsenic  acid.  A  more  complete  de- 
scription of  the  technique  will  be  found  in  the  protocols. 

Physiologically  regeneration  has  been  tested  by  the  passage  of  a 
wave  of  inhibition  through  the  transected  areas.  Bayliss  and  Star- 
ling 2  in  their  well-known  papers  have  shown  that  the  contraction 

1  Meek:  This  journal,  1910,  xxv,  p.  367. 

*  Bayliss  and  Starling:  Journal  of  physiology,  1899,  xxiv,  p.  99. 

.35^ 


Regeneration  of  Auerbach's  Plexus  in  the  Small  Intestine.    353 

wave  in  the  intestine  is  a  complicated  phenomenon,  the  musculature 
being  contracted  above  and  inhibited  for  some  distance  below  the 
point  of  stimulation.  All  investigators  agree  in  assigning  this  com- 
plex reflex  to  the  intrinsic  nervous  mechanism  of  the  intestine.  The 
reflex  remains  when  the  mesenteric  nerves  are  degenerated.^  Pith- 
ing the  cord  does  not  eliminate  it.  It  is  inconceivable,  as  Bayliss  and 
Starling  have  remarked,  that  muscular  tissue  could  respond  on  one 
side  of  the  stimulation  by  contraction  and  on  the  other  by  inhibi- 
tion. Our  own  experiments  show  that  the  return  of  conduction  for 
this  wave  of  inhibition  takes  place  at  a  time  much  later  than  the  re- 
generation of  the  muscular  coats.  And  finally  Magnus  "^  found  that 
the  law  of  the  intestine  could  not  be  demonstrated  if  the  plexus  of 
Auerbach  were  stripped  off  with  the  longitudinal  muscular  coat. 
It  would  seem  therefore  beyond  question  that  the  conduction  of  this 
wave  of  inhibition  is  taken  care  of  by  Auerbach's  plexus,  and  the  oc- 
currence of  this  wave  would  therefore  demonstrate  the  continuity  of 
that  nervous  mechanism. 

Methods. 

Cats  and  dogs  were  again  used  in  the  experiments.  These  animals 
had  the  small  intestine  transected  and  were  then  allowed  to  live 
from  nineteen  to  two  hundred  and  forty  days,  when  they  were  used 
to  test  the  passage  of  a  wave  of  inhibition  across  the  lesion.  In  our 
previous  work  the  muscular  coats  had  been  cut  down  to  the  mucosa 
and  an  end  to  end  anastomosis  made.  In  this  way  the  lumen  of  the 
intestine  was  unopened,  an  apt  union  of  the  layers  was  insured,  and 
only  a  small  amount  of  connective  tissue  developed  in  the  scar.  This 
method  was  again  used  on  the  cats. 

In  the  experiments  on  dogs  a  different  technique  was  employed. 
Dr.  S.  A.  Matthews  had  noted  in  some  intestinal  work  that  a  glass 
tube  tied  into  a  duct  or  loop  of  intestine  in  time  passed  out,  the  liga- 
tures that  held  it  having  gradually  cut  through  the  tissues.  This 
suggested  that  transection  might  be  brought  about  by  tying  glass 
tubes  in  the  intestine.  A  piece  of  glass  tubing  5  cm.  long  and  i  cm. 
in  diameter  with  the  ends  double  flanged  was  slipped  into  the  lumen 
of  the  intestine  and  then  securely  tied  in  place  by  means  of  two  liga- 

3  Langley  and  Magnus:  Journal  of  physiology,  1905,  xxxiii,  p.  34. 
*  Magnus:  Archiv  fiir  die  gesammte  Physiologic,  1904,  cii,  p.  123. 
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tures  which  encircled  the  gut  exactly  over  the  flanges.  Silk  twist, 
size  C,  was  found  convenient  for  the  ligatures.  Being  tied  tightly, 
the  ligatures  gradually  transected  the  gut,  and  when  they  finally  cut 
through  the  walls  of  the  intestine  the  glass  tube  was  of  course  freed 
and  passed  out  with  the  feces.  The  tube  was  usually  recovered  at 
the  end  of  seven  days.  The  intestinal  contents  pass  through  a  tube 
in  such  a  position  readily,  and  no  obstruction  was  ever  apparent.  To 
make  sure  of  an  abundance  of  material  two  of  the  dogs  were  sub- 
jected to  the  procedure  twice,  making  four  transections  in  each. 

This  method  of  section  is  especially  suitable  for  regeneration  work. 
The  layers  are  left  exactly  end  to  end  and  a  minimum  of  scar  tissue  is 
produced.  So  little  scar  tissue  is  found  and  so  scant  are  the  adhesions 
that  in  one  dog  which  had  lived  two  hundred  and  forty  days  after 
the  operation,  the  lines  of  transection  could  not  be  located  until  the 
intestine  was  opened  and  the  mucosa  scraped  away.  The  line  of  sec- 
tion then  showed  as  a  white  line  around  the  intestine.  In  all  other 
cases  this  white  ring  marking  the  lesion  was  apparent  in  the  living 
animal,  and  by  means  of  it  and  the  recognition  stitches  absolute 
identification  of  the  place  was  possible. 

Records  of  the  intestinal  movements  were  made  with  a  balloon 
and  a  Marey  tambour.  The  balloon  consisted  of  thin  rubber  fastened 
over  the  end  of  a  small  curved  glass  tube,  all  of  which  could  be  in- 
serted into  a  coil  of  the  gut  so  that  the  balloon  rested  a  few  centi- 
metres below  the  line  of  section.  The  balloon  was  connected  by 
rubber  tubing  to  a  recording  tambour  and  to  a  small  atomizer  bulb 
which  was  used  to  raise  the  pressure.  A  manometer  was  not  kept  in 
connection,  but  the  pressure  was  about  lo  to  15  cm.  of  water.  When 
the  balloon  was  placed  in  the  proper  position,  the  lever  of  the  tambour 
recorded  the  rhythmical  contractions  of  the  circular  muscular  coat. 
By  stimulating  a  point  above  the  balloon  the  rhythmical  movements 
were  at  once  abolished,  which  gave  graphic  evidence  that  a  wave  of 
inhibition  had  swept  down  the  intestine. 

Description  of  Experiments. 

The  first  series  consisted  of  five  cats.  These  animals  were  used  to 
find  out  whether  complete  physiological  regeneration  ever  occurred, 
and  if  so  at  approximately  what  time  after  the  transection.     Cats 
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Nos.  1,2,  and  3  were  operated  on  as  described  above,  and  kept  for 
one  hundred  and  eighty,  two  hundred  and  eleven,  and  two  hundred 
and  forty  days  respectively.  One  of  the  protocols  will  beSt  illustrate 
the  entire  procedure. 

Cat  No.  2.  —  x^ugust  15.  Intestine  transected  by  cutting  the  muscular 
coats  down  to  the  mucosa.     Rapid  recovery. 

March  iS.     Cat  given  20  c.c.  castor  oil. 

March  19.  Two  hundred  and  sixteen  days  later  tested  for  passage 
of  wave  of  inhibition  across  the  line  of  transection. 

9.15  A.  M.     Ether  anesthesia.     Tracheotomy. 

9.30  A.  M.     Cat  pithed.     Cord  entered  in  upper  thoracic  region. 

9.35  A.  M.  Skin  of  abdomen  opened  along  median  line,  reflected, 
and  sewed  to  an  iron  ring.  Cavity  thus  formed  filled  with  warm  saline. 
Abdomen  opened  and  loop  with  transection  drawn  out. 

9.50  A.  M.  Balloon  placed  in  gut  well  below  line  of  section.  Cir- 
cular muscles  immediately  began  to  show  typical  rhythmical 
movements. 

9.55  A.  M.  Pinched  intestine  with  forceps  5  cm.  above  lesion. 
Shght  relaxation  in  parts  surrounding  the  balloon. 

10. 1 1  A.  M.  Cr^^stal  of  salt  placed  on  intestine  2  cm.  above  section. 
No  result  except  a  marked  local  contraction. 

10.19  A-  ^-  Pinched  lightly  2  cm.  above  section.  Muscle  around 
balloon  inhibited  ten  to  fifteen  seconds,  when  rhythmical  movements 
again  gradually  returned.     (Ste  Fig.  i.) 

10.37  ^-  ^-  Salt  crystal  again  appUed  above  lesion.  Marked  con- 
striction with  inhibition  over  balloon. 

10.42  A.  M.  Pinched  above  line  of  transection.  Contraction  at 
point  stimulated  and  inhibition  shown  by  balloon. 

10.54  A.  M.     Cat  used  for  injections  not  bearing  on  this  problem. 

From  the  protocol  it  will  be  seen  that  rhythmical  contractions  of 
the  circular  muscular  coat  below  the  line  of  transection  were  abolished 
by  stimulation  above.  Fig.  i  illustrates  this  point.  Cats  Nos.  i 
and  3  gave  similar  results.  In  each  one  a  wave  of  inhibition  was 
shown  to  pass  the  lesion.  It  is  not  thought  necessary  to  give  the  pro- 
tocols, since  they  are  so  nearly  identical  with  the  preceding.  Intestinal 
movements  are  demonstrated  with  some  difficulty  in  cats,  but  these 
rhythmical  movements  of  the  circular  coat  with  inhibition  below 
the  point  of  stimulation  were  shown  in  every  animal  with  ease.  Giv- 
ing castor  oil  to  clear  the  intestines  and  eliminating  extrinsic  nervous 
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effects  by  pithing  as  suggested  by  Bayliss  and  Starling  make  the 
results  almost  certain.  It  will  be  noted  that  results  were  not  so  con- 
sistent when  salt  was  used  as  a  stimulus.  In  later  experiments  this 
method  of  stimulation  was  discarded,  and  pinching  lightly  with  a  blunt 
pair  of  forceps  was  used  exclusively. 

It  would  seem  clear  from  the  experiments  just  cited  that  a  com- 
plete physiological  regeneration  occurs,  and  it  may  be  looked  for  at 


juuyin/mn/umnminn/irmmui/uian/um/uin/m/in/inniwu^ 

Figure  1.  —  Showing  the  passage  of  a  wave  of  inhibition  across  the  Une  of  transection 
in  a  cat  two  hundred  and  sixteen  days  after  the  transection  was  made.  The  arrow 
shows  stimulation  above  the  line  of  section. 

least  as  early  as  the  one  hundred  and  eightieth  day.  The  next  point 
undertaken  was  to  show  that  this  complete  return  of  function  is 
associated  with  a  tissue  regenerating  much  more  slowly  than  muscle, 
that  is,  the  nerve  plexus.  Previous  work  ^  has  sho^\^l  that  the  longi- 
tudinal coat  of  the  cat's  intestine  may  be  almost  perfectly  renewed 
in  nine  days.  Sections  made  from  seventeen  days  on  present  a  pic- 
ture of  complete  muscular  regeneration.  Two  cats,  Nos.  4  and  5, 
were  accordingly  tested  for  passage  of  the  inhibitory  wave  nineteen 
and  forty  days  after  transection.  In  each  of  these  animals  rhythmical 
contractions  below  the  line  of  transection  could  not  be  inhibited  by 
stimulation  above.  The  protocols  are  unnecessary,  since  the  tech- 
nique was  precisely  the  same  as  in  the  previous  experiments.  Fig. 
2  is  a  tracing  from  Cat  No.  5.  The  balloon  was  5  cm.  below  the  tran- 
section. At  the  signal  marked  4  the  gut  was  pinched  2  cm.  above  the 
lesion.  No  inhibition  occurred.  At  the  signal  marked  5  a  stimulus 
was  applied  as  closely  as  possible  below  the  line  of  section.  As  can 
be  seen,  a  marked  inhibition  of  the  rhythmical  contractions  at  once 
resulted.  In  both  animals  these  results  were  obtained  repeatedly, 
and  not  a  single  time  did  the  wave  of  inhibition  break  through.    We 

*  Meek:  Loc.  cit. 
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Figure  2.  —  Showing  the  failure  of  inhibition  to  pass 
the  line  of  transection  in  a  cat  forty  days  after  the 
transection  was  made.  At  4  the  intestine  was 
stimulated  above  the  transection.  The  rhythmical 
movements  continue.  At  5  a  stimulus  is  applied 
just  below  the  transection.  The  rhythmical  con- 
tractions are  at  once  abolished. 


have  seldom  succeeded  in  staining  the  plexus  of  the  cat  intestine 
very  successfully,  and  for  that  reason  an  histological  examination  was 
not  made  in  the  preceding  experiments. 

It  would  be  interesting       rsj\i\rxf\j^r\(\Ar\P^    ^  [\ 

but    relatively    unimpor-  \^'~^^^sr-^'     ^ 

tant  to  know  just  what 
interval  is  required  after 

transection    to  make    re-     ' ' — 

generation     of      function 

complete,  but  no  attempt  ^  ^ 

was  made  to  answer  that 
question.  The  work  seems 
to  show  conclusively  that 
complete  return  of  func- 
tion is  associated  with 
some  tissue  regenerating 
after  the  fortieth  day, 
presumably  the  nerve 
plexus. 

The  second  series  of  experiments  was   carried  out  on  four  dogs. 
These  animals  had  the  intestines  transected  by  means  of  ligatures  tied 

around  glass  tubes 
as  previously  de- 
scribed, and  they  were 
then  allowed  to  live 
two  hundred  and 
thirty,  two  hundred 
and  twenty-five,  one 
hundred  and  sixty- 
seven,   and   one  hun- 

FiGLTiE  3.  —  Showing  passage  of   the  wave  of  inhibition    dred    and   twenty-twO 
across   the   line  of  transection  in  a  dog  two  hundred    (^g^yg    reSDectivelv 
and  thirty  days  after  the  transection  was  made.    At  the    ^pi  r   .  i 

signal  the  intestine  was  stimulated  by  pinching  4  cm.     "'"^^  purpose  Ot   these 
above  the  section.  experiments     was    to 

show  the  passage  of 
the  inhibitory  wave  across  the  line  of  transection  in  the  dog,  and 
in  the  same  specimen  demonstrate  histologically  the  regeneration  of 
plexus  fibres.    The  plexus  of  the  dog  fortunately  is  usually  stained 


Ui]!!<lIiIlU 


iilliiiii»iMiililjniiiiiliiiiiiMliiimiiiH!^Biiiiiiiiimniiiii(iiiiiiii.i 


358 


Walter  J.  Meek. 


with  little  difficulty.     The  protocol  for  Dog  No.  i  will  illustrate  the 
entire  procedure  and  present  the  results  at  the  same  time. 

Dog  No.  I. —  August  19.  Intestine 
transected  by  inserting  a  glass 
tube    and    ligating    around  the 


intestine. 

April  6. 
castor  oil. 

April  7. 


Dog   given   30   c.c. 


1.45  p.  M.     Given  i 
grain  morphine. 

2.30  p.  M.  Ether  anaesthesia. 
Tracheotomy.  Skin  of  abdo- 
men opened,  reflected  and  sewed 
to  an  iron  ring.  Cavity  thus 
formed  filled  with  warm  saline. 
Abdomen  opened  and  loop  of  in- 
testine with  transection  drawn 
out. 

2.50  p.  M.  Balloon  inserted 
in  loop  of  intestine  6  cm.  below 
transection.  Rhj-thmical  con- 
tractions of  circular  muscular 
coat  at  once  recorded  by  tam- 
bour. 

3.00  p.  M.  Stimulated  by 
pinching  4  cm.  above  line  of 
section.  Contractions  recorded 
by  tambour  at  once  inhibited. 

3.05  p.  M.  Repeated  above 
procedure  with  same  results. 
(See  Fig.  3.) 

3.08  p.  M.     Repeated  proced- 
ure with  same  results. 
3.1 1  p.  M.     Repeated  procedure  with  same  results. 
3.20  p.  M.    Cut  longitudinal  sUt  in  intestine  just  above  balloon  to 
relieve  air  pressure. 

3.22  p.  M.     Pinched  2  cm.  above  lesion.     Contractions  below  tran- 
section at  once  inhibited. 

3.30  p.  M.     Dog  killed.    Area  with  transection  removed.     Mucosa 
scraped  off  with  scalpel.    Placed  in  0.5  per  cent  arsenic  acid  for  thirty 


Figure  4.  —  Gold  chloride  stain  showing  re- 
generation of  nerve  fibres  in  plexus  of  dog 
two  hundred  and  thirty  days  after  transec- 
tion.    A  to  B  marks  the  line  of  section. 
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minutes,  in  gold  chloride  for  forty-five  minutes,  and  then  reduced  in 
I  per  cent  arsenic  acid  over  the  water  bath  for  fifteen  minutes. 

Fig.  3  shows  the  passage  of  a  wave  of  inhibition  across  the  tran^ 
sected  area  in  the  above  experiment.    In  Fig.  4  is  presented  the  ap- 


FiGURE  5.  —  Showing  the  passage  of  inhibition  across  lines  of  transection  one  hundred 
and  twent}--two  days  after  the  transections  were  made.  Stimulation  at  1  was  8  cm. 
and  at  2  15  cm.  above  line  of  section.  In  the  case  of  2  the  wave  of  inhibition  passes 
through  two  transections. 


pearance  of  a  small  portion  of  the  transection  after  being  treated 
with  the  gold  chloride.  Fibres  may  be  seen  crossing  the  scar  tissue 
and  entering  the  plexuses  on  either  side.  The  findings  just  men- 
tioned were  exactly  duplicated  in  two  of  the  other  dogs.  No  trac- 
ing was  taken  from  Dog  No.  2  because  of  some  question  as  to  the 
exact  location  of  the  transection,  the  recognition  stitches  for  some 
reason  having  disappeared.  The  transected  portions  of  all  four 
dogs  gave  many  examples  of  nerve  fibres  extending  across  the  scars. 
The  number  of  axones  passing  across  amounts  in  itself  almost  to  a 
demonstration  of  plexus  regeneration.  Fig.  5  is  a  tracing  from  Dog 
No.  4,  one  hundred  and  twenty-two  days  after  transection.  The 
balloon  was  well  below  the  line  of  transection.  At  the  signal  marked 
I  the  intestine  was  pinched  lightly  8  cm.  above,  and  at  the  signal 
marked  2,  15  cm.  above  the  transected  area.    The  wave  of  inhibition 
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in  this  case  passed  down  the  intestine  about  20  cm.  and  crossed  two 
transections. 

The  above  experiments  seem  to  offer  conclusive  proof  that  in  dogs 
as  well  as  cats  there  is  a  complete  return  of  physiological  function 
after  transection  of  the  small  intestine,  and  this  return  of  function 
is  accompanied  by  and  no  doubt  depends  on  a  regeneration  of  Auer- 
bach's  plexus. 

Summary. 

The  small  intestine  of  cats  and  dogs  was  transected  in  order  that 
regeneration  of  Auerbach's  plexus  might  be  tested  at  a  later  time. 

Complete  physiological  regeneration  as  determined  by  the  passage 
of  a  wave  of  inhibition  across  the  line  of  transection  has  been  demon- 
strated in  three  cats  and  three  dogs.  This  return  of  function  occurs 
in  dogs  as  early  as  the  one  hundred  and  twenty-second  day. 

In  four  dogs  this  return  of  physiological  function  was  shown  to  be 
accompanied  by  a  growth  of  nerve  fibres  across  the  line  of  transection. 

In  cats  it  has  been  found  that  the  wave  of  inhibition  does  not  pass 
the  line  of  transection  until  late  in  the  course  of  recovery.  Passage 
was  impossible  at  the  fortieth  day,  yet  at  this  time  muscular  and 
epitheHal  regeneration  is  practically  complete.  Return  of  function 
is  therefore  associated  wdth  a  slowly  regenerating  tissue,  presumably 
the  nerve  plexus. 

The  above  evidence  we  believe  amounts  to  a  demonstration  of  the 
regeneration  of  Auerbach's  plexus  in  the  cat  and  dog,  accompanied 
by  a  return  of  complete  physiological  function. 


THE  CHEMICAL  REGULATION  OF  VASCULAR  TONE  AS 
STUDIED  UPON  THE  PERFUSED  BLOOD  VESSELS 
OF  THE  FROG. 

By  D.  R.  hooker. 

[From  the  Physiological  Laboratory  of  the  Johns  Hopkins  University.] 

THE  substances  investigated  were  perfused  through  the  whole 
frog  under  a  constant  pressure.  The  inflow  cannula  was  tied 
into  the  bulbus  arteriosus,  and  the  fluid  as  it  escaped  from  cuts  in  the 
great  veins  collected  at  the  corner  of  a  glass  plate,  on  which  the  frog 
was  placed,  and  dripped  onto  a  cover  sHp  attached  at  the  end  of  a 
tambour  lever.  A  second  tambour  recorded  the  drops  on  a  smoked 
drum.  A  Jacquet  chronograph  was  used  for  a  time  record.  The 
head  of  pressure  in  any  one  experiment  was  equalized  for  all  solu- 
tions by  adjusting  the  air-inlet  tubes  of  the  Mariotte  flasks  to  a 
spirit  level.  The  assumption  was  made  that  complete  pithing  of  the 
spinal  canal  excluded  the  possibility  of  the  effects  being  produced  by 
action  of  the  nervous  system  and  that  therefore  the  phenomena  ob- 
served exhibited  the  reaction  of  the  vascular  musculature.  It  is 
proper  to  state,  however,  that  such  reaction  may  be  due  primarily 
to  an  effect  upon  the  nerve  endings  rather  than  upon  the  muscle 
itself.  An  increase  in  the  number  of  drops  indicated  a  relaxation  of 
vascular  tone,  and  a  decrease  in  the  number  of  drops  indicated  an  im- 
provement of  vascular  tone. 

Action  or  Sodium,  Calcium,  and  Potassium  Ions. 

The  influence  and  importance  of  calcium  and  potassium  salts  foi 
the  beat  of  the  heart  are  now  well  established.  Calcium  acts  to  in- 
crease and  potassium  to  decrease  the  cardiac  tone.  This  antagonistic 
action  of  calcium  and  potassium  has  also  been  observed  by  Stiles 
for  the  musculature  of  the  oesophagus  ^  and  stomach  -  of  the  frog, 

^  Stiles:  This  journal,  1901,  v,  p.  338. 
2  Stiles:  Ibid.,  1903,  viii,  p.  269. 
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and  by  Mayer  ^  and  others  for  the  neuro-muscular  mechanism  of 
marine  invertebrates.  It  is  not  surprising,  therefore,  that  the  mus- 
culature of  the  blood  vessels  should  exhibit  a  similar  response. 
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R  R-K  R-Ca 

FiGUKE  1.  —  Effect  of  removal  of  potassium  and  of  calcium  from  Ringer's  solution  on 
vascular  tone  in  the  frog.  Upper  line,  rate  of  perfusion  in  drops.  The  drum  was 
stepped  on  changing  solutions  until  conditions  became  constant.  The  lower  line 
gives  the  time  in  seconds.  R  =  Ringer's  solution:  R-K  =  Ringer's  solution 
without  potassium:   R-Ca  =  Ringer's  solution  without  calcium. 

This  response  is  most  clearly  seen  by  comparing  the  effect  of  a 
Ringer's  mixture  ^  with  the  mixture  minus  the  calcium  on  the  one 
hand  and  minus  the  potassium  on  the  other  hand  (see  Fig.  i).  Thus 
in  one  experiment  with  20  cm.  water  pressure  these  figures  were 
obtained: 
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Relaxation  of  vascular  tone  is  here  indicated  by  an  increase  in  the 
number  of  drops  and  vice  versa.  The  removal  of  the  calcium  pro- 
duced a  decrease  in  tone  five  times  out  of  six,  and  the  removal  of  potas- 
sium caused  an  increase  in  tone  six  times  without  an  exception.  The 
accuracy  of  these  results  was  confirmed  on  three  other  frogs. 

It  is  possible  also  to  demonstrate  the  specific  effect  of  calcium  and 
potassium  by  comparing  a  solution  of  sodium  chloride  with  solutions 

'  Mayer:  Carnegie  Institution  Publication,  iqio.  No.  132,  p.  i. 

*  NaCl      0.07  per  cent. 

KCl 0.035  P^r  cent. 

CaClj 0.025  per  cent. 

NaCOa  .    .  0.003  per  cent. 
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of  sodium  chloride  plus  calcium  chloride  and  of  sodium  chloride  plus 
potassium  chloride.  To  do  this  it  is  however  necessary  to  consider- 
ably increase  the  amounts  of  calcium  and  potassium  in  solution 
(about  six  times  the  quantity  used  in  Ringer's  mixture).  With  such 
solutions  the  potassium  causes  a  distinct  decrease  in  tone  compared 
with  sodium  as  well  as  with  sodium  plus  calcium.  The  effect  of  cal- 
cium is  much  easier  of  demonstration  because  it  antagonizes  both 
sodium  and  potassium  (see  Fig.  2).  The  predominating  action  of 
calcium  is  seen  in  a  comparison  of  Ringer's  mixture  with  sodium 
chloride.  In  a  single  experiment  to  confirm  this  point  the  sodium 
invariably  relaxed  the  tone  produced  by  the  Ringer's  mixture.  In 
this  case  the  calcium  more  than  counteracted  the  effect  of  sodium 
and  potassium  together. 


Action  of  Other  Substances. 

Oxygen  and  carbon  dioxide Bayliss  ^  has  reported  the  observa- 
tion that  Ringer's  solution  saturated  with  carbon  dioxide  produces 
vascular  relaxation  when  perfused  through  the  limb  vessels  of  frogs 
as  compared  with  Ringer's  solution  not  so  saturated.  It  was  not 
difficult  to  confirm  this  on  the  whole  frog  as  used  in  these  experi- 
ments. In  order  to  investigate  the  specific  action  of  oxygen,  Ringer's 
solution  was  boiled  in  a  flask  to  drive  off  as  much  of  the  oxygen  as 
possible.  The  flask  was  then  corked  until  the  solution  became  cool. 
The  solution  was  divided  in  three  Mariotte  flasks.  Oxygen  was 
bubbled  through  one  of  these  and  carbon  dioxide  through  another 
for  about  ten  minutes;  the  third  bottle  contained  the  solution  quali- 
tatively free  from  both  oxygen  and  carbon  dioxide.  Obviously  gas 
diffused  into  and  out  of  the  bottles  freely  so  that  the  specific  action 
of  the  gases  could  be  demonstrated  for  only  a  short  time.  Under 
these  conditions  figures  such  as  the  following  were  obtained  (see  table 
on  page  365,  also  Fig.  3): 

It  has  been  suggested  that  the  carbon  dioxide  here  acts  as  an  acid.^ 
Similarly  it  may  be  suggested  that  oxygen  acts  as  an  antacid  in  that 
it  oxidizes  the  lactic  acid  formed  by  the  tissues  and  so  produces  a 

^  Bayliss:  Journal  of  physiology,  1901,  xxvi,  p.  xxxii. 
^  Bayliss:  Ergebnisse  der  Physiologic,  1906,  v,p.  319. 
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condition  analogous  to  that  brought  about  by  the  perfusion  of  alka- 
line solutions.^ 

The  reaction  of  the  smooth  muscle  of  the  blood  vessels  to  oxygen 
and  carbon  dioxide  here  described  is  the  exact  opposite  of  that  ob- 
served for  the  smooth  muscle  of  the  gastro-intestinal  tract. ^     This 
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difference  in  the  response  of  anatomically  similar  tissue  has  been 
confirmed  upon  isolated  bits  of  tissue  (from  both  warm  and  cold 
blooded  animals)  from  which  graphic  records  were  obtained  and 
will  be  made  the  subject  of  a  special  communication.  It  may  here 
be  remarked,  however,  that  the  results  obtained  in  the  case  of  both 
the  venous  and  arterial  musculature  appear  to  be  directly  opposed 
to  the  hypothetical  action  of  carbon  dioxide  on  venous  tone  as  ad- 
vanced by  Henderson  ^  in  support  of  the  acapnia  theory  of  surgical 
shock.  In  the  observations  on  isolated  bits  of  tissue  thus  far  made 
the  circular  ring  'of  muscle  was  suspended  in  a  moist  chamber  and 
submitted  to  pure  atmospheres  of  oxygen  and  carbon  dioxide.  The 
apparent  antagonism  to  Henderson's  theory  may  be  susceptible  of 
explanation  on  the  ground  that  the  effect  of  saturated  atmospheres 
on  the  tissue  is  different  from  what  might  result  in  a  less  abnormal 
gaseous  environment.  However  this  may  be,  the  difference  in  the 
behavior  of  the  vascular  and  intestinal  musculature  under  exactly 
similar  conditions  points  strongly  to  the  fact  that  reasoning  by  analogy 
from  the  behavior  of  the  intestines  to  the  blood  vessels  is  not  justifi- 
able.    The  present  results  are,  furthermore,  in  agreement  with  the 


^  G.A.SKELL:  Journal  of  physiology,  1880,  iii,  p.  48. 
^  Starling:  Schafer's  Text-book  of  physiology,  1900,  p.  331. 
^  Henderson:  This  journal,  1910,  xxvii,  p.  152;  also  Johns  Hopkins  Hospital 
Bulletin,  1910,  xxi,  p.  235. 
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findings  of  Jerusalem  and  Starling  ^°  that  a  certain  amount  of  carbon 
dioxide  (5-8  per  cent  of  an  atmosphere)  increases  the  efficiency  of 
cardiac  muscle  as  exhibited  in  the  isolated  mammalian  heart  by 
increasing  the  diastolic  relaxation  as  well  as  by  increasing  the  systolic 
contraction. 

Urea.  —  Urea  is  a  waste  product  of  the  organism,  and  as  such  we 
should  expect  that  it  would  be  eliminated  as  quickly  as  possible.    It 


.i^-wuumiuimii 


Figure  4.  —  Two  thirds  the  original  size.  Effect  of  urea,  0.5  per  cent  in  Ringer's  solution 
on  vascular  tone  in  the  frog.  The  extended  marks  indicate  the  period  of  change 
from  one  solution  to  the  other.  R  =  Ringer's  solution:  U  =  Ringer's  solution 
plus  0.5  per  cent  urea. 

is  found  in  accordance  with  this  expectation  that  urea  when  intro- 
duced into  the  circulation  stimulates  the  heart  to  more  efficient 
activity  and  at  the  same  time  causes  a  decrease  of  tone  in  the  vascular 
musculature.  Backman  ^^  in  a  series  of  experiments  on  the  isolated 
rabbit's  heart  has  shown  that  urea  as  well  as  other  nitrogenous  cata- 
bolic  products  (ammonium  carbamate,  ammonium  carbonate,  sodium 
hippurate,  creatin,  hypoxanthin,  xanthin,  etc.)  have  a  stimulating 
action  on  the  heart.  There  is  an  increase  in  both  rate  and  force  of 
beat,  the  latter  apparently  being  due  to  increased  diastolic  relaxa- 
tion as  well  as  to  increased  systolic  contraction  as  is  the  case  with 
carbon  dioxide  in  the  observations  of  Jerusalem  and  Starhng. 

The  addition  of  urea  to  Ringer's  solution  perfused  through  the 
whole  frog  has  a  pronounced  effect  upon  vascular  tone  as  shown  in 
the  accompanying  record  (see  Fig.  4).  Strengths  of  solution  ranging 
from  .25  per  cent  to  4.0  per  cent  were  investigated.  They  invariably 
produced  vaso-dilatation. 

The  facts  reported  in  this  paper  point  interestingly  to  the  uni- 
formity of  reaction  exhibited  by  the  musculature  of  the  cardio-vascular 
system.  The  substances  which  relax  cardiac  tone  also  relax  vascular 
tone,  and  the  substances  which  increase  cardiac  tone  likewise  in- 
crease vascular  tone.    The  unit  volume  of  the  heart  is  increased  cor- 

^o  Jerusalem  and  Starling:  Journal  of  physiology,  1910,  xl,  p.  279. 
"  B.\ckman:  Skandinavisches  Archiv  fiir  Physiologic,  1908,  xx,  p.  5. 
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responding  to  the  functional  needs  of  the  body.  The  influences  which 
bring  this  condition  about  further  aid  in  fulfilhng  physiological  re- 
quirements by  producing  vascular  relaxation;  the  resultant  effect 
must  be  a  greatly  increased  velocity  of  circulation.  Apparently 
therefore,  as  suggested  by  BayHss/-  there  is  a  complete  chemical 
regulation  of  the  cardio-vascular  system  which  may  act  independently 
of  the  central  nervous  system. 


Summary. 

1.  Vascular  tone  is  increased  by  calcium  ions  and  oxygen. 

2.  Vascular  tone  is  decreased  by  sodium  and  potassium  ions, 
carbon  dioxide  and  urea. 

3.  The  fact  is  emphasized  that  the  musculatures  of  the  vascular 
system  and  of  the  intestine  give  opposite  responses  under  the  influence 
of  carbon  dioxide  and  oxygen. 

^2  Bayliss:  Ergebnisse  der  Physiologic,  1906,  v,  p.  319. 
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FOR  the  last  two  years  the  writer  of  this  paper  has  been  collecting 
observations  on  the  response  of  the  respiratory  mechanism  of 
adult  men  (mostly  about  twenty-one  years  of  age)  to  the  dyspneic 
conditions  produced  by  breathing  a  confined  volume  of  air.  Special 
attention  has  been  paid  to  the  respiratory  rate,  the  volume  of  air 
breathed  per  minute,  the  depth  of  inspiration,  the  occurrence  of  peri- 
odic breathing,  and  to  the  role  of  inspiratory  and  expiratory  effort  by 
which  pulmonary  ventilation  was  secured. 

The  recording  apparatus  was  the  modification  of  Gad's  aeroplethys- 
mograph  described  in  a  previous  number  of  this  journal.^  For  conven- 
ience of  reference  the  diagram  of  the  apparatus  is  reproduced  in  Fig.  i . 
Full  details  will  be  found  in  the  text  of  the  previous  article.  Re- 
cently the  accumulation  of  such  records  has  been  facilitated  by  the 
use  of  a  counter  on  which  the  minute  volumes  are  read  at  the  time 
of  the  experiment.  For  this  purpose  the  work  adder  of  the  Harvard 
Apparatus  Company  has  been  utilized.  A  friction  pulley,  revolving 
on  the  same  axis  as  the  ratchet  wheel,  is  attached  to  the  truss  lever  of 
the  aeroplethysmograph  near  its  writing  point.  It  is  not  necessary 
to  consume  space  with  a  description  of  details,  the  counter  consisting 

^  Hough:  This  journal,  1910,  xxvi,  p.  156. 
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essentially  of  %  ratchet  wheel  actuated  by  the  recording  lever  of  the 
aeroplethysmograph,  which  records  at  the  same  time  the  respiratory 
movements  as  in  previous  experiments.  The  instrument  was  cali- 
brated and  tested,  being  found  ac- 
curate to  a  small  fraction  of  one 
per  cent.^ 

Briefly  then  in  all  experiments 
the  subject  breathed  through  an 
air-tight  mouthpiece  from  a 
confined  volume  of  air  which 
in  all  experiments  was  about  30 
litres.  Valves  separated  the  ex- 
pired from  the  inspired  air.  The 
carbon  dioxid  gradually  accumu- 
lated in  the  confined  space,  and 
the  oxygen  gradually  diminished, 
although  at  the  end  of  none  of 
Figure  1.  — Diagram  of  the  essential  parts  ^^^^^^  experiments  was  the  per- 
of  the  apparatus.    A,  mouthpiece  with  lip  ,  ,  ,  ^•      •  ^    •      J^^ 

1  ,    . u  fl  n    -A   ^  u    (    *  1  •      centage  of  carbon  dioxid  in  the 

and  teeth  flanges;   B,  side  tube  for  takmg  ° 

specimen  of  alveolar  air;  c,  expiratory  inspired  air  greater  than  7  nor 

valve;  D,  20-htre  bottle;  E,  side  tube  to  air  that  of  the  OXygen  less   than    14. 
chamber,  F,  of  the  aeroplethysmograph;  G, 


the  water  seal;  H,  inspiratory  valve;  K, 

knife    edge; 

point. 


To  make  respiratory  tracings  of 
this  kind  from  different  individ- 


L,  counterpoise;  M,   writing 

uals  strictly  comparable,  the  vol- 
ume of  air  used  by  each  person 
should  be  proportional  to  liis  body  weight.  The  tracings  show,  as  might 
have  been  anticipated,  that  a  man  of  120  pounds  weight  lasts  longer  on 
the  same  volume  of  air  than  one  of  1 70  pounds.  I  regret  that  this  point 
escaped  my  attention  until  the  experiments  were  almost  completed; 
but  careful  tests  by  two  of  my  students,  Mr.  Mercer  Blanchard  and 
Mr.  Charles  M.  O  Connor,  show  that  when  the  same  subject  uses  22.5, 
30,  and  40  Htres  of  air  in  different  experiments,  no  feature  of  the 


2  The  aeroplethysmograph,  valves  for  separating  inspired  and  expired  air,  and 
the  counter  have  all  been  made  in  the  shoji  of  the  Physiological  Laboratory  of  the 
University  of  Virginia.  While  the  construction  of  tliis  apparatus  for  others  must 
be  secondary  to  the  use  of  the  shop  for  my  own  laboratory,  I  am  in  position,  sub- 
ject to  the  above  limitation,  to  make  the  entire  apparatus,  or  any  of  its  parts, 
at  what  amounts  to  the  actual  cost  of  production. 


Response  of  Healthy  Men  to  Dyspneic  Conditions.      371 

tracing  seriously  changes  except  the  time  required  to  reach  a  given 
minute  volume  or  rate.  Another  series  of  experiments  undertaken  for 
a  somewhat  different  purpose  by  three  other  students,  Messrs.  R.  R. 
Dale,  R.  L.  Kendrick,  and  Carrington  Williams,  gives  results  which 
indicate  the  same  thing. 

The  eight  tracings  reproduced  in  Figs.  2  and  3  give  a  fair  idea  of 
the  observed  t>pes  of  the  response  of  the  respiratory  mechanism  in 
securing  alveolar  ventilation  during  dyspnea.  To  attain  this  end  of 
alveolar  ventilation  two  main  factors,  of  course,  contribute,  namely, 
the  rate  and  the  depth  of  respiration.  The  tracings  show  at  a  glance 
how  one  subject  will  have  recourse  chiefly  to  increased  depth  (T.  H., 
C.  T.  P.,  M.  B.),  another  to  increased  rate  (H.  R.  E.,  J.  B.  S.,  J.  B.  L.), 
while  a  third  will  make  use  of  both  expedients  (S.  S.  I.).  One  of  the 
strongest  impressions  left  with  the  writer  from  his  rather  wide  experi- 
ence with  these  tracings  is  that  the  rate  and  depth  of  respiration  are 
determined  by  different  physiological  mechanisms,  which,  although 
closely  coordinated  and  often  working  together  to  secure  ventilation, 
yet  may  work  independently  of  each  other.  Not  only  do  we  find  one 
subject  depending  almost  entirely  upon  increased  rate,  another  de- 
pending almost  entirely  upon  increased  depth,  and  a  third  using 
throughout  the  dyspnea  both  expedients;  but  in  one  case  (T.  H.,  Fig. 
2),  for  the  first  eight  or  nine  minutes  of  the  experiment  the  increased 
alveolar  ventilation  is  secured  solely  by  increase  of  depth,  after  which 
recourse  is  suddenly  had  to  more  rapid  rate.  Essentially  the  same 
thing  is  seen  in  at  least  fourteen  out  of  the  twenty-five  subjects  of 
these  experiments,  although  none  of  these  show  so  sudden  a  change 
of  rate.  (Compare  the  tracing  from  C.  T.  P.  which  approaches  closest 
that  of  T.  H.  in  this  respect.) 

Review  of  the  hterature  of  respiration  shows  at  least  two  series  of 
observations  which  indicate  separate  mechanisms  controlUng  rate 
and  depth  of  breathing.  The  first  is  the  observation  of  Richet  ^  that 
the  h>'perpnea  produced  by  exposure  to  higher  temperatures  (as 
when  a  dog  pants)  is  really  a  polypnea  accompanied  by  decreased  depth 
of  breathing.  The  value  of  this  form  of  breathing  for  its  purpose  is 
evident,  since  it  increases  the  output  of  heat  without  disturbing  the 
alveolar  tension  of  carbon  dioxid. 

'  Richet:    Comptes  rendus,  1887,  cv,  p.  313;   Memoires  de  la  Societe  de  Bi- 
oogie,  1887,  p.  25;  Archives  de  physiologic  normale  et  pathologique,  1888,  p.  298. 
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The  other  observations  to  the  same  effect  are  those  of  Scott,*  who 
showed  that  whereas  in  the  normal  rabbit  dyspnea  involves  increase 
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Figure  2.  —  Dyspneic  response  from  four  tjqjical  subjects  of  these  experiments.  In 
this  and  the  following  figure  the  kymograph  drums  were  not  moving  at  the  same 
speed;  but  a  given  rise  or  fall  of  the  writing  point  represents  in  each  case  virtually 
the  same  volume  of  air  inspired  or  expired,  respectively.  Upstroke  =  inspiration. 
Note  especially:  T.  H..  —  Increase  of  depth  until  9th  minute;  then  sudden  change 
of  rate.  C.  T.  P.  —  Increase  of  depth.  Gradual  increase  of  rate  after  the  eighth 
minute.  S.  S.  I.  —  Increase  of  rate  and  depth  from  the  first.  Increase  of  depth  less 
marked.     M.  B.  —  Increase  of  depth  with  decrease  of  rate  throughout. 

both  of  rate  and  depth,  in  vagotomized  rabbits  there  is  an  increase  of 
depth  but  no  increase  of  rate.    While  it  is  evident  from  the  results  given 


*  Scott:  Journal  of  physiology  1908,  xxxvii,  p.  301.^ 
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in  this  paper  as  well  as  from  those  recorded  by  Haldane  and  Priestley  ^ 
that  increase  of  the  carbon  dioxid  content  of  the  air  does  not  gen- 
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FiGtTRE  3.  —  Dyspneic  response  from  four  typical  subjects  of  these  experiments.  Note 
especially:  J.  O.  C.  —  No  change  of  rate  or  depth  for  six  minutes;  then  only  in- 
crease of  depth.  H.  R.  E.  —  Little  change  of  depth  until  the  later  minutes  of  the 
experiment.  Increased  ventilation  secured  chiefly  by  change  of  rate.  J.  B.  S.  — 
Increase  of  rate;  decrease  of  depth.  J.  B.  L.  —  Marked  increase  of  rate  with  un- 
usual decrease  of  depth.     Experiment  ends  with  tetanus  of  inspiratory  muscles. 

erally  in  man  produce  so  quickly  an  increase  in  rate  as  Scott's  results 
would  indicate  to  be  the  rule  in  rabbits,  the  difference  may  be  due  to 
different  threshold  values  for  the  rate  stimulus  in  the  two  animals; 
indeed  my  own  results  {infra)  indicate  that  there  is  considerable  vari- 
ation in  this  respect  with  normal  men.     The  present  point  is  that 


\ 


6  Haldane  and  Priestley:  Journal  of  physiology,  1905,  xxxii,  p.  225. 
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Scott's  results  agree  with  my  own  in  suggesting  different  mechanisms 
regulating  rate  and  depth. 

With  these  preliminary  considerations  in  mind  w-e  now  pass  to  a 
detailed  description  of  the  results  of  our  experiments. 

I.  The  Rate  of  Respiration  in  Dyspnea. 

The  changes  of  rate  during  the  dyspneic  response  may  be  classified 
under  five  types,  best  represented  graphically  by  the  curves  in  Fig.  4. 

Type  I  occurred  in  5  out  of  25  tracings. 
Type  2  occurred  in  3  out  of  25  tracings. 
Type  3  occurred  in  10  out  of  25  tracings. 
Type  4  occurred  in  5  out  of  25  tracings. 
Type  5  occurred  in     i  out  of  25  tracings. 

The  actual  respiratory  rates  per  minute  from  examples  of  each  of 
these  types  are  as  follows: 

J  I  a.  —  10,  9.5,  9.5,  10.2,  10.6,  12,  12.8,  14,  14,  14,  14.2,  15,  19. 
■  (.b.  —7,  II,  13,  17. 

II.  \^-~  ^5>  15-5,  15.  15,  15-5,  i5>  IS.  15,  15.  i7-5>  18,  20. 
(b.  —  7.=;.  7.  7.  6.0.  7.  7.  7.  7.8.  7.8.  8.^.  10.  i^. 


7-5,  7,  7;  6.9,  7,  1,  1,  7-8,  7-8,  8.3,  10,  13. 

II.3,   II. 5,  9.2,  8.3,  7.5,  8.3,  8.2,  8.2,   ID. 

^5,  13.  i3>  i3>  12.6,  II. 5,  12,  ID,  II,  12,  15,  16. 


Ill  \'^'~  ^^■^'  "■^'  ^■^'  ^■^'  ^■^'  ^'^'  ^■^'  ^■^'  ^°"*'  ^^■'^'  ^^'^' 


IV  \^-'~9-7,  13-2,  13-6,  12.5,  12.4,  II. I,  II. 7,  13,  14. 

'\b.  —  14.5,  15.5,  17,  15.5,  16.2,  15,  15,  14.5,  16.5,  17.5,  19. 

V.     c  — 20,  17.5,  17,  16,  12.5,  12,  10.7,  10. 

The  rate  curves  in  different  experiments  on  the  same  individual  do 
not,  as  a  rule,  show  very  marked  variations,  although  there  are  a  few 
exceptions  to  this  statement.  The  table  given  on  page  165  of  my  pre- 
vious paper  represents  the  usual  range  of  variation.  As  a  rule,  a 
higher  rate  in  the  same  minute  is  accompanied,  in  the  same  individual, 
by  higher  minute  volumes. 

Attention  is  called  especially  to  the  fact  that  the  rate  shows  a  dis- 
tinct depression  in  t}'pes  3,  4,  and  5,  during  the  period  extending  from 
the  third  to  the  seventh  or  eighth  minute  of  the  tracing;  that  is,  in  16 
out  of  25  subjects;  also  that  the  rate  increases  in  tliis  period  only  in 
type  I,  that  is,  in  5  out  of  25  subjects.    In  the  remaining  four  sub- 
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jects  (t}pe  2)  there  was  no  change  of  rate  during  this  period  beyond 
a  slight  initial  increase  or  decrease  in  the  first  one  or  two  minutes. 
Thus  out  of  2§  subjects  only  5  showed  any  increase  of  rate  until  after 
the  sixth  minute  or  even 
later.  The  statement  com- 
monly found  in  text  books 
that  dyspneic  conditions 
normally  increase  both  rate 
and  depth  of  breathing  is, 
therefore,  misleading  and 
obscures  the  fact  that  rate 
and  depth  may  be  con- 
trolled by  different  factors. 

Haldane  and  Priestley 
have  recorded  somewhat 
the  same  experience.  "It 
will  be  seen  that  the  in- 
creased alveolar  ventilation  was  at  first  almost  entirely  obtained  by 
increased  depth  of  the  respirations,  there  being  Httle  or  no  alteration 
in  their  frequency  until  the  alveolar  ventilation  had  been  increased  to 
about  five  times  the  normal."  This  statement  refers  to  observations 
on  only  2  subjects.  Our  results  show  that  while  this  statement  of 
Haldane  and  Priestley  is  not  an  accurate  formulation  of  a  general  rule 
it  is  a  rough  approximation  to  the  actual  facts  observed. 

All  but  one  of  our  subjects  increased  the  rate  toward  the  end  of 
the  experiment.  The  one  exception  to  this  rule  is  shown  in  the 
tracing  M.B.  in  Fig.  2.  The  same  reaction  was  given  by  this  subject 
in  all  his  experiments. 

II.   The  Depth  of  the  Respiratory  Movements  in  Dyspnea. 


Figure  4.  —  Graphic  representation  of  the  tj'pes  of 
change  in  rate  during  the  dyspnea  caused  by 
breathing  a  confined  volume  of  air.  The  ordinates 
represent  only  changes  in  rate;  not  relative  rates 
as  between  the  different  types. 


Dyspnea  is  almost  invariably  ushered  in  by  an  increase  in  the  depth 
of  respiration,  and  in  by  far  the  majority  of  cases,  under  the  conditions 
of  my  experiments,  this  increase  of  depth  continues  for  at  least  five 
or  six  minutes,  that  is  to  say,  until  the  carbon  dioxid  in  the  inspired 
air  equals  from  4  to  6  per  cent.  Of  our  25  subjects  23  gave  an  unmis- 
takable initial  increase  of  depth,  while  only  2  gave  decreased  depth; 
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both  of  these  two  showed  also  from  the  first  a  steady  increase  of  rate. 
Indeed  it  may  be  stated  as  a  rule  to  which  I  find  no  exceptions  in  my 
tracings  that  early  increase  of  rate  is  correlated  with  sub-normal  in- 
crease of  depth  {e.  g.,  S.  S.  I.,  Fig.  2),  or,  as  in  the  two  cases  above 
mentioned,  with  actual  decrease  instead  of  the  usual  increase  of  depth. 
(See  page  377  for  consideration  of  the  significance  of  these  points.) 

In  the  later  stages  of  dyspnea  there  is  usually  a  decrease  of  depth 
which  is  always  connected  with  an  increase  of  rate.  When  the  rate 
becomes  very  rapid,  the  stimulus  to  the  next  inspiration  becomes  effec- 
tive before  the  expiratory  phase  has  had  time  to  complete  itself. 
Hence  there  is  usually  a  more  rapid  rise  of  the  expiratory  base  line,  an 
indication  of  increased  tone  of  the  inspiratory  muscles. 

In  one  subject  an  initial  decrease  of  depth  lasting  for  some  four 
minutes  was  followed  by  an  increase  during  the  rest  of  the  tracing. 
The  same  thing  was  occasionally  seen  in  certain  tracings  from  other 
subjects, *but  was  not  in  those  cases  the  constant  type  for  the  subject. 

In  eight  subjects  the  depth  of  respiration  continued  to  increase  until 
the  end  of  the  experiment;  or,  at  any  rate,  there  was  no  decrease  of 
depth,  even  when,  toward  the  end  of  the  experiment,  the  rate  had 
materially  increased. 

III.  The  Expiratory  Base  Line. 

By  the  expiratory  base  line  is  meant  the  line  joining  the  lowest 
points  in  the  downward  or  expiratory  strokes  of  the  recording  lever. 
In  Fig.  5  an  attempt  is  made  to  represent  graphically  the  t>'pes  of  this 
line,  passing  from  one  extreme  in  i  to  the  other  extreme  in  4  and  5. 
It  will  be  seen  that  in  the  majority  of  cases  the  trend  of  this  line  is  up- 
ward after  the  first  few  minutes  of  the  tracing.  The  initial  depression 
generally  seen  is  due  to  the  heating  of  the  air  in  the  closed  space.  This 
factor  will  exert  its  influence  until  the  temperature  within  the  system 
becomes  constant,  and  this  usually  takes  place  w-ithin  four  minutes; 
indeed  there  is  but  little  change  of  temperature  after  the  second 
minute. 

If  this  temperature  factor  were  eliminated,  a  second  factor,  acting 
alone,  would  cause  from  the  first  a  gentle  and  steady  rise  of  the  base 
line.  This  is  the  return  to  the  system  of  a  smaller  volume  of  carbon 
dioxid  than  of  oxygen  removed;   moreover,  this  factor  must  exert  its 
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influence  in  all  cases  and  throughout  the  experiment,  since  probably 
in  few  of  our  experiments  was  the  respiratory  quotient  equal  to  unity. 

The  steepness  of  the  rise  after  the  third  or  fourth  minute  differs  con- 
siderably in  different  tracings  showing  such  a  rise.  In  t>Tpe  i  it  is 
very  rapid  (J.  B.  L.,  Fig.  3).  Type  2  shows  Hkewise  a  more  rapid  rise 
than  can  be  explained  by  the  character  of  the  respiratory  quotient.  It 
will  be  seen  that  such  rapid  rises  are  characteristic  of  only  a  small  per 
cent  of  the  subjects  of  our  experiments,  although  a  much  larger  num- 
ber show  the  same  character  in  the  last  two  or  three  of  the  ten  or 
twelve  minutes  during  which  such  experiments  ordinarily  last. 

In  type  3  we  have  approximately  the  rise  which  would  be  caused 
by  the  character  of  the  respiratory  quotient,  and  this  type  comprises 
56  per  cent  of  our  cases.  Here  we  may  assume  that  the  expiratory 
return  of  the  thorax  is  complete,  but  that  active  expiratory  effort  does 
not  go  beyond  this  point. 

In  types  4  and  5,  on  the  other  hand,  the  trend  of  the  base  line  from 
about  the  third  to  the  eighth  minute  is  either  horizontal  or,  more 
generally,  downward  instead  of  upward,  and  for  this  the  activity  of 
the  expiratory  muscles  must  be  held  responsible,  since  all  other  con- 
ditions of  the  experiment  must  then  work  toward  an  upward  trend. 
Eight  of  our  subjects  belong  in  this  class,  and  it  is  a  significant  fact 
that  seven  of  these  show  a  sHght  decrease  from  the  original  rate  during 
this  period,  while  the  eighth  showed  no  change  from  the  original  rate. 
Conversely,  of  those  who  show  a  steady  rise  of  the  base  line  (t>'pes  i,  2, 
and  3  of  Fig.  5)  80  per  cent  show  either  a  steady  increase  of  rate  or 
at  least  no  decrease  from  the  original  rate.  In  general,  then,  the  rate 
and  depth  of  respiration  tend  to  vary  inversely.  It  would  also  seem  that 
where  great  depth  is  to  be  secured,  the  dyspneic  reaction  of  increased 
rate  is  held  in  abeyance,  thus  insuring  ample  time  in  each  respiratory 
period  for  the  breathing  of  a  sufficient  volume  of  air  to  give  adequate 
alveolar  ventilation. 

The  question  is  thus  raised  whether  the  depth  of  respiration  deter- 
mines the  rate  or  vice  versa.  From  a  priori  considerations  each  h}^oth- 
esis  is  more  or  less  plausible.  Increase  of  rate  may  cause  decrease  of 
depth  by  not  allowing  time  for  the  completion  of  expiration ;  the  rate 
in  this  case  would  be  the  cause  and  the  shallow  breathing  the  result. 
Increase  of  depth,  on  the  other  hand,  by  securing  more  perfect  alveolar 
ventilation  may  delay  the  adequate  stimulus  to  increase  of  rate;   in 
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this  case  the  deep  breathing  would  be  the  cause  and  the  slow  rate  the 
result.  Or  it  may  well  be  that  in  different  experiments  or  during  dif- 
ferent periods  of  the  same  experiment  either  one  may  be  a  determining 
cause  of  the  other.  It  has  been  shown  that  in  those  cases  which  show 
a  horizontal  or  downward  trend  of  the  base  line  we  have  convincing 

evidence  of  distinct  expira- 
tory activity,  with  high 
efficiency  of  alveolar  ven- 
tilation, and  in  all  these 
cases  the  rate  is  kept  down 
or  even  depressed.  Yet, 
even  here,  one  cannot  say 
whether  the  low  rate  is  the 
direct  result  of  the  more 
perfect     ventilation,      or 

Figure  5.  —  Graphic  representation  of  the  types  of  whether  the  inadequacy  of 
change  of  expiratory  base  line.  Type  1  is  shown  by  the  Stimulus  tO  increased 
1  subject  out  of  25  (J  B.LO.    Type  2  is  shown  ^^^^   ^^^^^      ^^^^^^^  ._ 

by  1  subject  out  of  25  (J.  B.  S.).    Type  3  is  shown  , 

by  14  subjects  out  of  25.  Type  4  is  shown  by  6  "le  more  complete  ex^pira- 
subjects  out  of  25.  T>-pe  5  is  shown  by  2  subjects  tion  by  giving  sufficient 
out  of   25.     Type  6  is  shown  by  1   subject  out   f  jrng   therefor 

The  facts  at  my  disposal 
do  not  allow  a  decision  between  these  two  h>^otheses;  nor  should  we 
lose  sight  of  the  fact  that,  logically,  we  may  be  deahng  with  two  co- 
operating causes  which  mutually  influence  each  other's  action;  thus 
active  expiration  in  cooperation  with  increased  inspiration  may 
delay  the  adequate  stimulus  to  increased  rate  {e.  g.,  by  holding  down 
the  alveolar  tension  of  carbon  dioxid),  while,  reciprocally,  oruce  the 
rate  stimulus  has  become  adequate  and  the  respiratory  period  is  short- 
ened, more  shallow  breathing  may  result  from  incomplete  expiration. 
Such  indeed,  in  my  opinion,  is  probably  the  correct  statement  of 
the  case.  The  diminution  in  depth  seen  in  the  tenth  minute  of  the 
tracing  from  T.  H.  (Fig.  2)  is  undoubtedly  caused  by  the  increase  of 
rate  which  then  occurs,  for  there  was  no  diminution  of  active  expi- 
ratory effort  at  that  time.  In  the  case  of  J.  B.  L.  (Type  i,  Fig.  5;  trac- 
ing J.  B.  L.,  Fig.  3)  I  think  the  causa-l  factor  is  more  Hkely  an  unusual 
sensitiveness  of  the  respiratory  mechanism  to  the  rate  stimulus.  This 
subject  is  unable  to  continue  the  experiment  longer  than  three  or  four 
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minutes  at  a  time.  As  the  tracing  shows,  the  rate  rapidly  increases, 
expiration  becomes  progressively  more  and  more  incomplete,  and  the 
experiment  finally  comes  to  an  end,  in  from  two  to  four  minutes  with 
a  tetanus  of  the  inspiratory  muscles.  At  this  time  the  carbon  dioxid 
content  of  the  dry  alveolar  air  is  over  eight  per  cent  and  the  tension 
is  over  56  mm.  Hg.  I  hope  in  the  near  future  to  make  a  thorough  in- 
vestigation of  this  pecuHar  case.  At  present  I  can  only  say  that  the 
onset  of  inspiratory  tetanus  is  but  shghtly  delayed  by  the  use  of  deep 
breathing  by  the  subject.  The  tendency  to  increased  rate  asserts 
itself  even  here  from  the  first;  soon  the  pace  becomes  too  fast  and 
the  experiment  is  quickly  brought  to  a  close.  The  cause  of  this  does 
not,  therefore,  seem  to  be  the  failure  to  secure  the  usual  alveolar 
ventilation  by  the  proper  use  of  expiratory  muscles,  else  we  should 
have  a  much  greater  prolongation  of  the  experiment  w^hen  deep  breath- 
ing is  purposely  used.  On  the  other  hand  I  have  found  that  the  ex- 
periment is  very  greatly  shortened  by  adding  to  the  inspired  air  about 
2  per  cent  of  carbon  dioxid,  an  amount  which  does  not  produce  respi- 
ratory distress  in  most  individuals.  In  the  case  of  J.  B.  L.  breathing 
this  atmosphere  results  in  a  prompt  and  decided  increase  of  rate  (and 
diminution  of  depth)  which  brings  the  experiment  to  an  end  in  a  minute 
or  less.  These  results  are  only  preliminary,  but  they  strongly  suggest 
that  the  cause  of  the  trouble  is  the  premature  quickening  of  the  rate, 
this  leading  to  incomplete  expirations  and  so  to  imperfect  alveolar 
ventilation. 

While,  therefore,  recognizing  the  probable  importance  of  the  sensi- 
tiveness of  the  respiratory  mechanism  to  the  rate  stimulus  as  deter- 
mining the  depth  of  respiration,  I  would  still  urge  that  equal  attention 
be  given  to  the  action  of  expiratory  muscles  in  securing  maximum 
ventilation  of  the  lungs,  as  an  important  factor  determining  the  rate. 
It  is  a  significant  fact  that  of  the  eight  subjects  who  show  a  depression 
of  the  expiratory  base  line  (and  who  therefore  seem  to  make  use  of 
active  expiratory  efi'ort) ,  all  but  one  actually  show  a  decrease  from  the 
original  rate,  and  usually  this  decrease  continues  from  minute  to 
minute  until  the  minimum  rate  is  reached  about  the  sLxth  to  the 
eighth  minute.  Subjective  impressions,  of  course,  are  of  Httle  value  as 
evidence  in  a  case  like  this,  but  it  is  worthy  of  note  that  the  subjective 
impression  is  that  the  expiratory  effort  holds  in  check  the  tendency  to 
begin  the  next  inspiration.    Once  the  expiration  is  completed,  the  in- 
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spiratory  mechanism  comes  into  play  as  if  released  from  an  inhibitory 
influence.  The  increase  of  rate  which  always  comes  toward  the  last 
of  the  experiment  makes  its  appearance  sooner  and  is  more  pro- 
nounced in  these  subjects  who  do  not  keep  the  base  line  down  from 
the  first;  and  this  may  be  fairly  interpreted  as  meaning  that  the  effi- 
ciency of  respiration,  under  the  dyspneic  conditions  of  our  experi- 
ments, is  increased  by  holding  in  check  (whether  by  direct  inhibition 
or  by  more  perfect  ventilation)  the  tendency  toward  increase  of  rate. 
The  interesting  question  here  raised  is,  what  part  does  the  expiratory 
portion  of  the  respirator}'^  centre  play  in  securing  effective  alveolar 
ventilation  ? 

The  writer  of  this  paper  is  convinced  that  the  role  of  the  expiratory 
neuro-muscular  mechanism  has  been  too  much  neglected,  and  even 
thinks  that  it  is  underrated  in  the  usual  teaching  of  this  part  of  physi- 
ology. For  example,  it  is  almost  universally  taught  that  in  ordinary 
quiet  breathing  expiration  is  wholly  a  passive  return  of  the  elastic 
thorax  to  its  normal  position;  and  yet  one  may  safely  challenge  the 
least  proof  of  the  truth  of  this  statement;  indeed  we  may  fairly  wonder 
whether  it  is  supported  by  anything  save  the  fact  that  we  are  not  con- 
scious of  any  resistance  to  muscular  effort  during  quiet  expiration; 
and  yet  no  one  would  seriously  urge  this  as  a  conclusive  reason  for 
believing  that  there  is  no  muscular  contraction  at  all.  In  favor  of 
the  active  role  of  the  interosseous  portion  of  the  mm.  intercostales 
interni  and  the  m.  transversus  sterni  I  can  offer  the  positive  evidence  of 
my  own  experiments  ^  upon  the  respiratory  function  of  the  inter- 
costal muscles.  In  these  experiments  simultaneous  records  were 
taken  of  the  contractions  of  the  diaphragm  and  of  the  muscle  under 
investigation,  the  latter  being  isolated  from  the  rest  of  the  body,  ex- 
cept for  a  strip  containing  its  artery,  vein,  and  nerve.  With  the  two 
expiratory  muscles  above  mentioned,  some  twenty  experiments  on 
the  dog  gave  the  result  that,  unless  the  animal  was  made  apneic  by 
the  artificial  respiration,  these  muscles  always  contracted  rhythmi- 
cally. In  other  words,  so  long  as  the  diaphragm  contracted,  these  expi- 
ratory muscles  contracted  alternately  with  it.  The  contractions  were  not 
as  great  as  those  of  the  inspiratory  muscles  (intercartilaginous  portion 
of  the  mm.  intercostales  interni  and  the  mm.  intercostales  externi),  but 

*  Hough:  Studies  from  the  Biological  Laboratory  of  the  Johns  Hopkins  Uni- 
ersit>,  1892,  V,  p.  91.    See  especially  p.  96. 
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there  could  be  no  doubt  of  the  fact  of  contraction.  As  I  wrote  then: 
"Either,  then,  the  animals  were  always  apneic  or  dyspneic  (which  is 
possible)  or  these  muscles  act  in  the  normal  breathing  of  the  dog,"  and 
I  am  still  of  the  opinion  that  the  balance  of  evidence  is  on  the  side 
of  their  contraction  during  quiet  respiration,  whether  this  contrac- 
tion aids  in  lowering  the  ribs  or  merely  makes  the  intercostal  spaces 
more  rigid  during  the  expiratory  pressure  changes  on  the  two  sides  of 
the  thoracic  wall. 

The  same  paper  described  another  striking  feature  of  interest  to  us 
in  connection  with  the  present  discussion,  in  the  behavior  of  the  ex- 
piratory muscles  during  dyspnea,  namely,  a  supplementary  contrac- 
tion which  occurs  just  before  the  end  of  expiration  and  is  added  on  to 
the  contraction  which  began  with  expiration.  This  was  especially 
noticeable  in  the  case  of  the  m.  transversus  sterni  but  was  also  seen 
in  the  mm.  intercostales  interni.  It  was  as  if  just  before  the  inspiratory 
intake  of  fresh  air,  the  expiratory  muscles  shorten  still  more  and  so 
render  the  ventilation  secured  by  the  immediately  following  inspira- 
tion more  effective. 

In  the  current  literature  of  the  subject  the  neuro-muscular  mecha- 
nism of  lung  ventilation  is  commonly  referred  to  as  if  it  were  a  single 
and  comparatively  simple  mechanism,  actuated  by  one  or  more  stimuli 
{e.  g.,  carbon  dioxid  or  intermediate  acids).  Even  writers  who  prop- 
erly insist  on  attention  to  alveolar  rather  than  total  ventilation  do  not 
always  seem  to  take  into  account  the  fact  that  alveolar  ventilation  itself 
is  the  result  of  the  cooperation  of  several  factors  each  of  which  may 
show  very  different  degrees  of  development  or  of  irritability  in  differ- 
ent individuals.  There  seems  to  be  sufficient  indication  of  the  exis- 
tence of  three  variables  in  this  mechanism,  namely: 

1.  Factors  determining  the  respiratory  rate. 

2.  Factors  determining  the  amount  of  inspiratory  effort. 

3.  Factors  determining  the  amount  of  expiratory  effort. 

The  very  existence  of  these  possibilities  makes  it  important  that  in 
studies  upon  the  respiratory  centre  —  involving,  as  they  so  largely  do, 
experiments  with  dyspneic  conditions — the  character  of  the  normal  re- 
sponse of  the  subject  to  such  conditions  should  be  known  beforehand. 
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IV.  The  Minute  Volumes  of  Inspired  Air. 


Fig.  6  gives  the  platted  curves  of  minute  volumes  from  seven  sub- 
jects. These  may  be  regarded  as  representing  the  range  of  variation 
seen  in  my  experiments.  The  curve  T.  H.  is  typical  of  that  given  by 
8  subjects;  J.  B.  S.,  6  subjects;  R.  R.  D.,  4  subjects;  and  J.  O.  C. 
(and  J.  0.  M.),  3  subjects.    The  curves  of  J.  B.  L.  and  C.  L.  W.  do 

not  coincide  closely  with  any 
others. 

These  curves  present  dif- 
ferences in  the  volume  of  air 
breathed  during  the  same 
minute  of  the  experiment,  in 
the  rate  of  increase  in  succes- 
sive minutes,  and  in  the  form 
of  the  curve.  We  may  begin 
with  a  discussion  of  the  first 
two  of  these  points  of  differ- 
ence. There  can  be  no  doubt 
Figure  6.  —  Curves  of  minute  volumes  from  7  that  these  are  partly  due  tO 
subjects  of  these  experiments.     The  numbers    ,i  r    .li.  i 

.  .,         r.     .u    •  •.•  1         .u  .  .  1   the  use  of  the  same  volume 

m  parentheses  after  the  mitials   are  the  total 

number  of  subjects  giving  curves  of  the  same  of  ^.ir  by  SUbjectS  of  different 

type.    The  curves  of  J.  O.  C.  and  J.  O.  M.  are  body  weight.     This  is  the  CaSC 

regarded  as  belonging  to  the  same  tj-pe.    Ab-  ^^.j^j^  ^   ^  j^      ^.^^^^   minute 
scisss  =  2  min.;  ordinates  =  10  Htersper  min.  •  r     i      i 

volume  per  umt  of  body 
weight  is  about  the  same  as  that  of  T.  H.,  and  the  slower  increase 
of  minute  volume  is  to  be  similarly  explained,  since,  on  20  litres  of 
air,  he  gave  a  curve  closely  approximating  that  of  T.  H.  (see  also  page 
370  of  this  paper). 

This  is  not,  however,  the  sole  determining  factor.  C.  L.  W.,  J.  B.  S., 
and  T.  H.  are  of  about  the  same  body  weight  and  general  build,  and 
yet  the  amount  of  air  respired  by  them  in  a  given  time  is  very  differ- 
ent. During  the  first  five  or  six  minutes,  C.  L.  W.  and  J.  B.  S.  each 
respire  some  7  or  8  litres  per  minute  more  than  T.  H.  The  same  thing 
is  even  more  strikingly  shown  by  the  curve  of  J.  O.  M.  Tliis  subject's 
weight  is  about  75  per  cent  of  that  of  the  other  three,  and  yet  until  the 
sixth  minute  he  breathes  more  air  than  any  of  them,  and  almost  twice 
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as  much  as  T.  H.  Determination  of  the  normal  resting  alveolar  ten- 
sion throws  no  light  on  the  differences,  for  all  give  from  2)^  to  40  mm.Hg 
for  carbon  dioxid.  What  these  tensions  are  during  the  course  of  the 
experiment  has  not  been  determined.  Remembering  that  our  figures 
represent  total  and  not  alveolar  ventilation,  we  at  once  suspect  that  the 
great  dift'erences  in  pulmonary  ventilation  may  be  due  to  differences 
in  the  volume  of  the  dead  space  or  in  the  rate  of  breathing,  or  to  both 
combined.  To  take  the  extremes,  a  subject  with  relatively  large  dead 
space  whose  breathing  is  of  the  rapid,  shallow  t}T3e  would  evidently 
have  to  respire  more  air  per  minute  than  one  with  relatively  small 
dead  space  whose  breathing  is  deep  and  slow.  As  yet  our  information 
as  to  the  variations  in  the  size  of  the  dead  space  is  somewhat  limited. 
Loewy  ^  estimated  it  as  140  c.c.  with  upper  and  lower  limits  of  150 
c.c.  and  100  c.c.  Haldane  and  Priestley  {loc.  cit.)  found  in  two  sub- 
jects averages  of  142  c.c.  and  189  c.c.  for  each,  with  variations  be- 
tween 90  c.c.  and  186  c.c.  for  one  subject  and  124  c.c.  and  243  c.c.  for 
the  other.  The  wide  range  of  variation  in  determinations  from  the 
same  subject  indicates  either  very  great  inaccuracy  of  method  or  else 
variations  from  time  to  time  in  the  size  of  the  bronchial  tree  due  to  the 
action  of  its  musculature  not  suggested  in  current  writing  on  the  sub- 
ject. Since,  however,  the  curves  of  C.  L.  W.,  J.  B.  S.,  and  T.  H.  are 
in  each  case  the  averages  of  at  least  six  experiments  which  do  not  differ 
greatly  from  each  other,  we  may  assume  that  the  question  is  not  seri- 
ously complicated  by  such  variations  from  time  to  time  of  the  size  of 
the  same  bronchial  tree.  Is  it  possible  then  to  explain  the  differences 
of  total  ventilation  on  the  basis  of  the  size  of  the  average  dead  space, 
the  rate,  and  the  depth  of  breathing?  The  rates  of  J.  B.  S.  and  T.  H, 
differ  but  Httle,  and  reference  to  their  tracings  (Figs.  2  and  3)  will 
show  that  the  difference  of  their  total  ventilation  is  due  wholly  to  the 
depth  of  the  individual  respirations.  Is  this  greater  depth  made 
necessary  by  the  larger  dead  space?  It  is  easy  to  show  that  such  an 
assumption  fails  to  give  a  complete  explanation;  thus  in  the  fourth 
minute  J.  B.  S.  breathed  7  Htres  of  air  more  than  T.  H.  Since  J.  B.  S.'s 
rate  at  that  time  was  11.3  respirations  per  minute,  the  greater  amount 
of  air  breathed  can  be  explained  as  due  to  the  larger  bronchial  tree 
only  by  making  the  impossible  assumption  that  J.  B.  S.'s  dead  space  is 
620  c.c.  (7000  -^  1 1.3)  larger  than  that  of  T.  H.    Or  we  may  make  the 

^  Loewy:  Archiv  fiir  die  gesammte  Physiologic,  1894,  Iviii,  p.  416. 
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following  instructive  calculation  in  comparing  the  cases  of  C.  L.  W. 
and  T.  H.  Let  us  make  the  very  improbable  assumption  that  the 
dead  space  of  C.  L.  W.  is  250  c.c.  and  that  of  T.  H.  100  c.c.  (the  two 
extremes  of  the  observed  recorded  values).  Multiplying  these  by  the 
respective  rates  for  the  fourth  minute,  there  would  be  used  of  the  total 
minute  volumes  (16.4  litres  and  11.4  htres)  in  the  two  cases  3.95  litres 
and  i.o  litres  to  fill  the  dead  space;  i.  e.,  a  difference  of  2.95  litres  against 
an  observed  difference  of  5  litres.  A  similar  comparison  of  the  cases  of 
J.  O.  M.  and  T.  H.  gives  3.75  litres  and  i.o  litres  to  fill  the  dead  space, 
or  a  difference  of  2.75  litres  as  against  an  observed  difference  of  10.6 
litres. 

These  assumed  differences  in  the  size  of  the  dead  space  are  unques- 
tionably the  maximal  extremes  possible  and  are  improbable  in  the 
highest  degree.  We  must,  therefore,  conclude  that  the  combined 
factors  of  size  of  dead  space  and  character  (rate  and  depth)  of  breath- 
ing fail,  and  at  times  signally  fail,  to  explain  the  observed  differences  in 
the  minute  volumes  of  air  breathed.  If  we  assume  more  probable 
limits  of  variation  in  the  size  of  dead  space,  we  find  that  not  more  than 
10  to  15  per  cent  of  the  higher  minute  volume  of  J.  B.  S.,  C.L.  W., 
J.  0.  C,  and  J.  O.  M.  can  be  explained  in  this  way;  something  else  is 
responsible  for  the  greater  part  of  the  difference,  and  I  think  there  are 
two  remaining  possibilities.  Either  they  represent  differences  of  car- 
bon dioxid  production  or  else  something  during  the  first  five  or  six 
minutes  causes  an  over-ventilation  of  the  lungs.  I  am  now  testing 
the  actual  r61e»of  this  second  possibility  by  determinations  of  the  alve- 
olar tensions  of  carbon  dioxid  and  oxygen  during  the  dyspneic  reac- 
tion in  several  of  the  subjects  of  these  experiments.  With  regard  to 
the  first  possibility,  the  observations  made  on  the  range  of  variation 
in  the  liberation  of  energy  per  kilogram  of  body  weight  in  adult 
men  give  the  upper  limit  in  different  series  of  determinations  as  38, 
33,  and  56  per  cent  higher  than  the  lower  limits,  which  of  course  in^ 
dicates  that  specific  individual  respiratory  exchange  of  the  tissues 
may  be  responsible  for  a  large  amount  of  the  variation  of  total  pul- 
monary ventilation  seen  in  our  cases. ^ 

We  may  therefore  conclude  that  the  great  differences  of  pulmonary 
ventilation  in  the  subjects  of  our  experiments  are  due  only  in  small 
part  to  the  size  of  the  dead  space  or  even  to  a  combination  of  this 

»  See  Tigerstedt:  Nagel's  Handbuch  der  Physiologic,  i,  p.  544. 
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factor  with  a  rapid,  shallow  type  of  breathing,  since  this  character  of 
breathing  is  absent  in  three  out  of  the  four  subjects  and  is  but  shghtly 
marked  in  the  fourth  subject;  by  far  the  most  important  factors  are 
what  we  may  term  the  specific  respiratory  exchange  of  the  tissues  and, 
to  an  undetermined  extent,  a  possible  tendency  on  the  part  of  some  in- 
dixHiduals  to  over-ventilation  of  the  lungs  in  the  earlier  minutes  of  a 
dyspneic  tracing. 

We  now  pass  to  the  consideration  of  the  form  of  the  curve  of  minute 
volumes  in  our  experiments.  Mathematical  calculation  shows  that  in 
order  to  maintain  a  constant  alveolar  tension  of  carbon  dioxid  when 
the  production  of  this  gas  by  the  body  is  constant  while  the  amount  in 
the  inspired  air  increases  directly  as  the  time,  the  volumes  of  alveolar 
ventilation  in  successive  units  of  time  must  make  an  as\Tnptotic 
curve.  Suppose,  for  example,  the  subject  is  producing  any  fixed 
amount  of  carbon  dioxid,  let  us  say  240  c.c.  per  minute.  With  an 
alveolar  tidal  air  volume  of  400  c.c.  containing  5  per  cent  of  carbon  di- 
oxid, 20  c.c.  of  this  gas  would  be  removed  with  each  breath,  and  12  res- 
pirations would  be  necessary  each  minute  to  effect  perfect  alveolar 
ventilation.  If  now  the  inspired  air  contains  i  per  cent  of  carbon  di- 
oxid, 400  c.c.  of  alveolar  tidal  air  would  now  remove  only  4  per  cent  of 
400  c.c.  =  16  c.c.  and  15  X  400  c.c.  of  ventilation  would  be  required 
to  remove  the  240  c.c.  Two  per  cent  of  carbon  dioxid  in  the  inspired 
air  would  similarly  require  20  X  400  c.c,  and  3  per  cent  would  require 
30  X  400  c.c.  We  would  thus  have  as  the  proportional  ventilation  for 
successive  minutes: 

Time  units o  i  2  3 

Ventilation 12  ^      15        20        30 

Of  course  the  respiratory  movements  of  the  body  do  not,  under  the 
conditions  of  our  experiments,  effect  the  removal  of  the  carbon  dioxid 
as  fast  as  it  is  produced,  since  we  know  that  the  alveolar  tension  of  this 
gas  increases;  but  Haldane  and  Priestley  have  shown  that  the  in- 
creased ventilation  during  dyspnea  does  actually  keep  down  to  a  re- 
markable extent  the  alveolar  tension  of  carbon  dioxid,  so  that  there 
should  be  a  fair  approximation  to  the  curve  we  have  outlined  above. 

Actual  analysis  of  the  inspired  air  shows  that  at  least  for  the  first  six 
or  seven  minutes  of  our  experiments  the  oxygen  decreases  and  the 
carbon  dioxid  increases  in  direct  proportion  to  the  time;    and  the 
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Figure  7. 

experiments   from   J.  O.   C 


curves  of  total  pulmonary  ventilation  in  Fig.  5  show  that  these  are 
usually  of  the  asymptotic  tj-pe  called  for  by  the  a  priori  considera- 
tions already  given.  Twenty  out  of  25  of  our  subjects  unmis- 
takably   reacted    in    this    way;    2  gave    curves    too    irregular    for 

classification ;  there  remain  for 
consideration  three  curves 
which  in  the  first  six  minutes 
of  the  experiment,  at  least, 
apparently  depart  from  the 
asymptotic  t>pe.  These  are 
the  curves  of  J.  O.  C,  J.  O.  M., 
and  a  tliird  subject  whose 
curve  rather  closely  corre- 
sponds to  that  of  J.  0.  C. 

These  aberrant  tracings  are 
at  present  the  subject  of  in- 
Minute  volume    curves   from  six  ^estigation,  and  we  shall  hmit 

_-, s   from   J.  U.   L.     Irie    tfiree  with 

higher  minute  volumes  were  from  the  series  of  OUrselveS  in  tne  present  paper 
1910,  and  the  three  with  lower  volimies  from  tO  a  description  of  their  most 
the  series  of  1911.  Ordinates  and  abscissae  as  striking  characteristics  as  ob- 
served in  the  case  of  J.  O.  C, 
upon  whom  a  sufficiently  large  number  of  experiments  have  been  made 
at  different  time^o  make  sure  that  we  are  deahng  with  a  constant  tj'pe 
of  dyspneic  response.  ^Fig.  7  gives  six  minute- volume  curves  from 
this  subject,  three  taken  during  Februar}^  and  ]\Iarch,  1910,  and  three 
durinjg  March,  191 1.  The  three  curves  from  the  former  period  are 
selected  as  t}^ical  from  a  total  of  eight  obtained  at  the  same  time.  It 
will  be  seen  at  once  that  the  minute  volumes  in  the  second  series  are 
lower  than  in  the  first,  although  there  is  no  change  in  the  frequency 
of  respiration;  the  greater  ventilation  of  the  lungs  is  caused  entirely 
by  the  smaller  depth  of  respiration,  another  example  of  the  indepen- 
dence of  the  two  methods  of  regulating  the  breathing.  From  the  first 
to  the  second  minute  there  may  be  a  slight  rise  of  the  curve,  a  feature 
of  a  number  of  other  tracings,  which  are  otherwise  of  the  usual  fonn.  It 
is  probably  due  to  other  than  strictly  dyspneic  causes.  It  is  seen  in 
the  first  series  from  J.  O.  C,  but  not  in  the  second.  With  this  excep- 
tion, there  is  no  change  whatever  in  the  volume  of  air  breathed  until  after 
the  sixth  minute  in  the  first  series  and  until  after  the  fifth  minute  in  the 
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second  series.  In  this  time  T.  H.  has  almost  doubled  his  minute  vol- 
ume, R.  R.  D.  (on  his  proportional  air  supply  of  20  litres)  has  increased 
his  by  more  than  60  per  cent,  and  15  other  subjects  of  experiment 
show  increases  between  these  limits. 

This  is  the  strikingly  aberrant  feature  of  the  curves  from  these  three 
subjects.  While  the  number  of  tracings  from  J.  O.  C.  U  greater  (and 
hence  we  have  based  the  above  description  on  them),  there  are  three 
each  from  J.  O.  M.  and  H.  H.  V.,  which,  although  not  so  concordant 
as  to  volume  of  air  breathed,  nevertheless  show  in  each  tracing  the 
absence  of  any  increase  of  ventilation  until  a  comparatively  late 
period  of  the  experiment. 

It  is  also  noteworthy  that  of  all  our  subjects  these  three  show  the 
highest  minute  volumes  for  the  first  five  minutes  of  the  experiments. 
This  is  especially  striking  in  the  case  of  J.  O.  M.,  whose  weight  is  45 
per  cent  less  than  that  of  H.  H.  V.  and  J.  O.  C.  Over- ventilation  of  the 
lungs  during  the  first  part  of  the  tracing  is  at  once  suggested  as  an  ex- 
planation. As  already  stated,  this  possibihty  is  at  present  the  subject 
of  investigation.  I  can  only  say  that  there  were  no  subjective  signs  of 
acapnia  in  any  case.  It  is  also  hardly  to  be  expected,  on  this  theory, 
that  the  stimulus  causing  such  over- ventilation  should  be  so  perfectly 
correlated  with  the  dyspneic  stimulus  to  increase  of  ventilation  as  to 
bring  about  the  result  of  virtually  perfect  uniformity  of  minute  volumes 
for  five  or  six  minutes. 

Once  the  pulmonary  ventilation  begins  to  increase  in  these  three 
subjects,  it  proceeds  according  to  a  curve  quite  normal  for  men  of  the 
same  weight  and  on  the  same  volume  of  air;  that  is,  J.  0.  C.  and 
H.  H.  v.,  men  of  heavy  build,  increase  rapidly,  while  J.  0.  M.  increases 
at  about  the  same  rate  as  R.  R.  D.,  who  is  of  his  general  build. 

The  importance  of  attention  to  aberrant  tracings  like  these  is  obvi- 
ous. Unless  their  pecuharities  can  be  explained  as  due  to  other  than 
dyspneic  causes,  they  suggest  that  during  dyspnea  other  causes  than 
the  carbon  dioxid  tension  of  the  blood  take  some  part  in  the  regulation 
of  respiration. 

We  may  conclude  for  the  present  that  20  out  of  25  subjects  give 
curves  of  minute  volumes  which  seem  to  accord  with  the  theory  that 
increase  of  pulmonary  ventilation  during  dyspnea  is  entirely  the 
result  of  increase  of  the  carbon  dioxid  tension  of  the  blood  flowing 
through    the    respiratory    centre;     on    the    other   hand    3    subjects 
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seem  to  give  an  aberrant  t}^e  of  response  which  suggests  the  possi- 
bility of  another  factor  regulating  the  breathing  movements. 


V.  Additional  Observations. 

Some  minor  points  may  be  added.  The  minute  volumes  during  the 
first  two  minutes  of  the  experiments  varied  as  follows: 

8-10  Utres II  subjects. 

11-13  litres 9  subjects. 

14-18  litres 4  subjects. 

20  litres I  subject. 

Attention  has  already  been  called  to  the  fact  that  of  the  5  subjects 
with  minute  volumes  above  14  litres  3  belong  to  the  aberrant  class 
described  in  the  last  section.  The  other  2  gave  good  asymptotic 
curves  throughout. 

Attention  was  also  paid  to  the  occurrence  of  periodicity  in  the  breath- 
ing. This  is  usually  present  in  slight  degree.  The  rather  unexpected 
result  was  that  it  is  more  pronounced  during  the  first  six  minutes 
than  afterwards.  Thus  23  subjects  showed  some  degree  of  periodicity 
during  the  first  period  and  in  13  of  these  it  was  very  distinct.  SLxteen 
showed  some  degree  of  periodicity  during  the  second  period  {i.  e.,  after 
the  sixth  minute)  and  in  only  3  of  these  was  it  pronounced. 

It  often  happens  that  the  asymptotic  form  of  volume  curve  is  de- 
parted from  for  a  minute  or  more  of  the  experiment,  and  this  occurs 
very  frequently  in  the  last  minute  of  a  prolonged  experiment,  when  the 
working  capacity  of  the  respiratory  mechanism  seems  to  be  unequal 
to  the  task  of  effecting  the  full  ventilation  of  the  lungs.  (See  Curve  3 
of  the  1911  series,  Fig.  7.) 

The  respirations  in  the  first  two  minutes  were  deep  (1200  c.c. 
or  more)  in  9  subjects  and  shallow  (600-800  c.c.)  in  9.  In  the 
remaining  7  subjects  the  breathing  was  neither  of  the  distinctly 
deep  nor  of  the  more  shallow  type.  Each  individual  usually  showed  the 
same  type  in  this  respect.  No  clear  correlation  can  be  traced  between 
the  type  of  normal  respiration  in  this  respect  and  the  ability  to  with- 
stand dyspneic  conditions. 


Response  of  Healthy  Men  to  Dyspneic  Conditions.      389 


Summary. 


I. 


This  paper  describes  the  various  types  of  response  of  the  respira- 
tory mechanisms  of  25  adult  men  to  the  dyspneic  conditions  pro- 
duced by  breathing  a  confined  volume  (30  Htres)  of  air.  The  carbon 
dioxid  of  the  respired  air  increased  and  the  oxygen  diminished,  at  least 
for  six  or  seven  minutes  of  the  experiment,  directly  proportionally 
to  the  time. 

2.  To  make  experiments  of  this  kind  strictly  comparable,  the 
volume  of  air  used  by  each  person  should  be  proportional  to  his  body 
weight. 

3.  Tracings  are  given  which  show  considerable  variation  in  the 
character  of  the  dyspneic  response  of  different  indi\'iduals,  although 
the  response  of  the  same  individual  at  different  times  is  fairly  uni- 
form. These  variations  seem  to  be  due  to  the  different  extent  to  which 
different  persons  use  the  three  factors  of  frequency,  inspiratory  eft'ort, 
and  expiratory  effort  to  secure  increased  ventilation  of  the  lungs. 

4.  These  three  factors  of  pulmonary  ventilation,  while  coordinated, 
still  seem  capable  of  more  or  less  independent  action.  Hence  one 
subject  may  not  change  the  rate,  while  another  does  not  change  the 
depth.  Uusually  both  factors  are  utilized,  although  not,  as  a  general 
thing,  to  the  same  extent  at  the  same  time,  the  more  common  method 
being  to  begin  by  increasing  the  depth  and  later  to  have  recourse  to 
increase  of  rate. 

5.  The  rate  and  depth  of  respiration  tend  to  vary  inversely,  marked 
increases  of  rate  being  accompanied  by  little  or  no  increase  of  depth  and 
occasionally  by  decrease  of  depth;  increase  of  depth,  on  the  other 
hand,  is  usually  accompanied  by  decrease  of  rate.  This  relation  be- 
tween depth  and  rate,  which,  as  shown  by  Haldane  and  Priestley,  ob- 
tains during  normal  quiet  breathing,  is  equally  true  of  dyspneic 
breathing. 

6.  Only  20  per  cent  of  our  subjects  showed  increase  of  rate  during 
the  first  six  minutes  of  the  experiment.  Of  the  remaining  80  per  cent, 
12  showed  virtually  no  change  during  this  same  period,  while  68  per 
cent  showed  a  decrease  of  rate  during  this  period.  In  the  later  mm- 
utes  of  the  experiment  increase  of  rate  is  the  rule,  although  one  sub- 
ject (M.  B.,  Fig.  2)  continued  to  decrease  the  rate  as  long  as  he  was 
able  to  continue  the  experiment. 
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7.  Twenty- three  out  of  25  subjects  increased  the  depth  from  the 
first.  This  increase  of  depth  was  most  marked  in  those  cases  which 
showed  decrease  of  rate.  The  decrease  of  depth  generally  seen  toward 
the  last  seems  to  be  due  to  the  fact  that  the  rapid  rate  does  not  allow 
time  for  the  completion  of  the  expiratory  effort. 

8.  Attention  is  called  to  the  probable  role  of  the  expiratory  mus- 
cles in  securing  proper  ventilation  of  the  lungs.  Reasons  are  given  for 
thinking  that  the  use  made  of  these  muscles  differs  in  different  people 
(Section  III).  Where  expiratory  effort  is  greatly  increased,  there  is 
always  a  concomitant  decrease  of  rate,  this  form  of  breathing  being  ap- 
parently the  most  effective  in  moderate  degrees  of  dyspnea.  Reasons 
are  also  given  for  thinking  that  even  in  normal  quiet  breathing  expi- 
ration is  not  a  passive  act,  but  usually  involves  contraction  of  expira- 
tory muscles. 

9.  The  pulmonary  ventilation  in  the  dyspneic  response  to  regularly 
increasing  content  of  carbon  dioxid  in  the  inspired  air  usually  increases 
in  the  form  of  an  asymptotic  curve.  This  is  apparently  in  harmony 
with  the  theory  that  the  chief  stimulus  regulating  dyspneic  pulmonary 
ventilation  is  the  tension  of  carbon  dioxid  in  the  blood.  An  aberrant 
type,  however,  is  described  in  which  there  is  no  incrfease  of  ventilation 
for  the  first  five  or  six  minutes  of  our  experiments,  after  which  time 
the  curve  assumes  the  usual  asymptotic  form.  These  peculiar  curves 
are  at  present  the  subject  of  investigation. 

10.  Some  subjects  show  a  remarkably  large  pulmonary  ventilation 
in  the  first  minutes  of  the  experiment.  This  is  due  only  to  a  small  de- 
gree to  differences  of  the  size  of  dead  space  or  to  a  rapid,  shallow  t}^e 
of  breathing.  It  would  seem  that  it  must  be  explained  either  by  the 
greater  specific  intensity  of  the  respiratory  processes  in  the  tissues,  or 
else  by  a  tendency  to  over-ventilation  of  the  lungs.  This  also  is  at 
present  the  subject  of  investigation. 

While  I  am  indebted  to  all  my  students  who  have  served  as  sub- 
jects of  these  experiments,  I  am  under  special  obhgations  to  Dr.  John 
B.  Setzler  and  Dr.  Charles  L.  Williams,  both  of  whom  have  aided 
me  by  a  large  number  of  experiments  which  they  have  made  upon 
themselves. 


THE  CONTROL  OF  PANCREATIC  DIABETES  IN  PREG- 
NANCY BY  THE  PASSAGE  OF  THE  INTERNAL 
SECRETION  OF  THE  PANCREAS  OF  THE  FETUS  TO 
THE    BLOOD   OF  THE   MOTHER. 

By  a.  J.   CARLSON  and  F.  M.  DRENNAN. 

[From  the  Hull  Physiological  Laboratory  of  the  University  of  Chicago.] 

*  I  '*HE  first  experiment  of  this  series  was  made  during  November, 
-*■  1910.  In  the  operation  of  pancreas  removal  in  the  course  of 
another  investigation,  it  was  found  that  the  dog  was  pregnant.  After 
the  operation  it  was  noticed  that  the  rise  of  the  sugar  content  in  the 
urine  was  slower  and  the  highest  percentage  was  less  than  in  normal 
dogs  after  pancreatectomy.  According  to  Forschbach's  experiments  on 
uniting  two  dogs  with  subsequent  removal  of  the  pancreas  of  one 
it  was  found  that  neither  of  the  dogs  developed  diabetes/  thus  show- 
ing that  the  internal  secretion  of  the  dog  with  the  pancreas  passed 
through  the  cross  circulation  to  the  pancreatectomized  animal  and 
prevented  the  diabetes.  This,  together  with  our  experiment,  led  us 
to  beheve  that  the  pancreas  of  the  fetus  might  furnish  sufficient 
internal  secretion,  which  passing  through  the  uterine  membranes  into 
the  maternal  blood  would  influence  if  not  prevent  the  diabetes  in  the 
mother  after  pancreatectomy. 

After  pancreatectomy  in  normal  animals  we  have  found,  as  have 
other  investigators,  that  sugar  invariably  appears  in  the  urine  within 
eight  to  sixteen  hours,  and  reaches  its  highest  point  —  seven  to  ten 
per  cent  —  within  twenty-four  to  thirty-six  hours  after  the  operation. 
Dog  I.  —  In  our  first  dog  it  was  noticed,  as  mentioned,  that  the 
sugar  was  not  found  in  the  urine  as  soon  after  the  operation  nor  did 
it  reach  as  high  a  level.  The  animal  died,  by  accident,  on  the  sLxth 
day  after  the  operation.  On  post-mortem  examination  the  pups  were 
found  to  be  about  one  and  one-half  inches  long,  hence  likely  within 

1  Forschbach:    Archiv   fur   experimen telle  Pathologic  und  Pharmakologie, 

1908,  ix,  p.  131. 
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the  first  half  of  term,  as  the  mother  was  a  rather  large  dog,  weighing 
nine  kilos. 

Dog  2.  —  In  our  second  dog  the  pups  were  less  than  an  inch  long 
and  the  course  of  the  diabetes  was  practically  the  same  as  in  a  normal 
animal.    It  was,  to  say  the  least,  not  augmented  in  any  way. 

^og  3. — A  third  dog,  operated  on  May  10,  191 1,  in  which  the 
fetuses,  judging  from  their  size,  were  within  three  weeks  of  full  term, 
lived  three  days  without  showing  a  trace  of  sugar  in  the  urine.  Six 
samples  were  collected  before  the  death  of  the  animal,  and  a  test  was 
made  on  the  urine  found  in  the  bladder  at  death.  On  post-mortem 
examination  the  pups  were  found  dead.  The  \iscera  were  in  good 
condition. 

Dog  4.  —  On  May  15th  we  performed  a  pancreatectomy  on  a  preg- 
nant bitch  within  three  weeks  of  term.  The  animal  Hved  two  days, 
giving  four  samples  of  urine,  none  of  which  showed  any  sugar.  The 
urine  in  the  bladder  at  death  was  also  tested,  but  showed  no  sugar. 

Dog  5.  —  On  May  29th  the  pancreas  was  removed  from  a  pregnant 
bitch  nearing  full  term.  On  May  31st,  forty-eight  hours  after  the 
operation,  the  animal  was  put  under  ether  and  the  abdomen  opened. 
The  pups,  seven  in  number,  were  all  found  to  be  alive  and  in  seemingly 
good  condition.  They  weighed  140  gm.  each,  the  mother  weighing 
7.2  kgm.  at  the  time  of  operation.  Three  samples  of  urine  were 
collected  during  the  forty-eight  hours  after  the  operation  and  a  sample 
taken  from  the  bladder  at  death,  none  of  which  showed  even  a  trace 
of  sugar. 

Dog.  6. — ^On  June  nth  pancreatectomy  was  performed  on  a 
pregnant  bitch  nearing  full  term.  The  operation  was  completed  in 
about  forty-five  minutes,  so  that  the  animal  was  under  the  influ- 
ence of  ether  as  short  a  time  as  possible,  as  it  appears  tliat  in  the 
later  stages  of  pregnancy  prolonged  ether  anesthesia  has  more  dele- 
terious effects  than  on  non-pregnant  animals.  Recovery  was  good, 
and  the  animal  continued  in  good  condition  and  was  observed  for 
five  days  without  showing  a  trace  of  sugar  in  the  urine.  During  this 
time  she  was  given  100  c.c.  of  milk  twice  per  day,  vnth.  all  the  water 
she  wanted  to  drink.  Polyuria  was  not  marked  and  the  wound  in 
the  abdomen  did  not  ulcerate  so  much  as  is  the  case  in  normal  dogs 
after  pancreatectomy.  The  animal  appeared  to  grow  weak,  however, 
so  that  it  seemed  doubtful  whether  she  would  be  capable  of  giving 


The  Control  of  Pancreatic  Diabetes  in  Pregnancy.      [393 

birth  to  the  pups  even  if  allowed  to  run  to  full  term;  and  as  it  was 
highly  desirable  to  demonstrate  that  glycosuria  did  develop  in  this 
animal  after  loss  of  the  fetuses  it  was  decided  to  perform  a  Cesarean 
section.  On  June  i6th  the  two  horns  of  the  uterus  were  extirpated 
and  found  to  contain  six  pups  weighing  127  gm.  each.  The  mother 
weighed  5.4  kgm.  Recovery  was  good,  and  no  excessive  temperature 
was  noticed  after  the  operation.  The  table  shows  the  sugar  content 
of  the  urine  on  the  succeeding  days: 


Date 

June  17 

June  18 

June  19 

Time 

7  A.  M. 

2  P.M. 

Sample  lost 

2  P.M. 

8  a.m. 

Amount  of  urine  in  c.c. 
Per  cent  sugar      .    .    . 

50 
0.93 

40 
3.1 

70 

1.77 

50 
1.10 

June  19th  the  experiment  was  discontinued  and  the  animal  killed 
with  ether.  A  study  of  the  table  will  show  that  after  removal  of  the 
fetuses  the  typical  curve  of  experimental  diabetes  after  pancreatec- 
tomy was  found  —  sugar  appearing  in  the  urine  within  fourteen 
hours  —  reaching  its  highest  point  within  twenty-four  hours  and  then 
gradual!}^  coming  back  to  a  fairly  constant  level.  The  height  of  the 
curve  was  not  so  great  as  that  found  in  normal  animals  after  pan- 
creas removal,  for  in  normal  animals  the  great  rise  is  probably  due 
in  part  to  a  flushing  out  of  the  stored  glycogen  of  the  Hver,  and  this 
would  not  be  so  great  in  an  animal  operated  on  six  days  previous  and 
kept  on  a  diet  of  200  c.c.  of  milk  per  day  in  addition  to  the  con- 
dition of  advanced  pregnancy. 

From  th^e  experiments  it  seems  clear  that  in  a  normally  developed 
fetus  nearing  full  term  the  pancreas  is  so  developed,  quahtatively 
and  quantitatively,  as  regards  the  internal  secretion  necessary  for 
normal  sugar  metabolism  that  the  fetal  pancreas  acts  as  a  residual 
pancreas  of  the  mother  on  complete  pancreatectomy  of  the  latter. 
The  internal  secretion  of  the  fetal  pancreas  passes  through  the  uterine 
membranes  in  sufficient  quantity  to  prevent  diabetes  in  the  mother. 
At  just  what  stage  of  pregnancy  the  fetal  pancreas  is  able,  quahta- 
tively and  quantitatively,  to  take  up  this  function  we  are  not  as  yet 
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able  to  state,  but  further  work  is  being  done  in  this  laboratory  to 
determine  this  point.  So  far  as  we  are  aware  there  is  no  diabetes  in 
human  infants  born  prematurely  in  the  fifth  to  the  seventh  month 
of  gestation.  This  may  be  due  to  the  fetal  tissues  having  the  power 
to  maintain  the  carbohydrate  metabolism  normal  even  in  the  absence 
of  the  internal  secretion  of  the  pancreas,  a  condition  that  appears  to 
exist  in  the  pig  even  in  adult  life;  or,  in  the  second  half  of  gestation, 
the  Islands  of  Langerhans  are  capable  of  normal  functioning.  Our 
present  experiments  support  the  latter  hypothesis. 

There  is  a  seeming  discrepancy  between  our  present  results  on 
pregnant  dogs  and  the  usual  clinical  experience  on  the  effects  of 
pregnancy  on  the  course  of  diabetes  in  the  human.  The  clinical 
experience  appears  to  be  unanimous  on  the  point  that  pregnancy 
augments  the  diabetic  symptoms,  and  hence  the  practice  to  terminate 
the  gestation  in  diabetic  mothers.  Now,  even  if  in  its  primary  cause 
diabetes  melUtus  were  identical  with  that  of  experimental  pancreatic 
diabetes,  the  favorable  action  of  the  fetal  pancreas  on  the  mother 
would  come  late  in  pregnancy,  and  the  disturbances  in  digestion, 
circulation,  and  emotional  states,  etc.  of  the  first  half  of  pregnancy 
would  undoubtedly  act  unfavorably.  But  so  far  as  we  have  been  able 
to  learn  the  unfavorable  action  of  pregnancy  in  clinical  diabetes 
during  the  second  half  of  gestation  is  even  greater  than  during  the 
first  half.  If  this  is  true,  it  would  seem  to  indicate  a  primary  difference 
in  the  etiology  of  diabetes  in  man  and  of  experimental  pancreatic 
diabetes  in  other  mammals.  The  difference  may  be  only  apparent, 
however.  If  the  diabetes  in  the  mother  is  caused  by  the  depression 
of  the  pancreas  by  some  substance  in  the  blood,  or  by  the  inhibition 
or  neutralization  of  pancreatic  secretion  by  substances  in  the  blood, 
these  substances  would  in  all  probability  act  in  the  same  way  on  the 
fetal  pancreas  or  pancreatic  secretion,  thus  gi\dng  the  usual  cHnical 
findings.  Unless  such  cases  are  already  in  the  clinical  literature,  it 
would  seem  highly  important  to  determine  whether  a  child  born  of  a 
mother  in  the  condition  of  diabetes  mellitus  and  running  the  usual 
course  of  increase  in  the  severity  of  the  disease  during  gestation, 
maintains  a  normal  sugar  metabolism.  If  it  does  it  would  seem  that 
the  pancreas  or  the  pancreatic  secretion  (internal)  is  not  primarily 
involved  in  the  diabetes  of  the  mother,  or  that  the  pancreas  or  the 
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pancreatic  secretions  (internal)  are  depressed  or  neutralized  by  toxic 
substances  in  the  blood  of  the  mother,  and  that  these  substances  act 
in  the  same  way  on  the  fetal  pancreas  or  pancreatic  secretions.  The 
orientation  thus  given  would  enable  one  to  attack  some  of  the  prob- 
lems of  diabetes  by  the  methods  of  blood  transfusion. 


THE  PRESENCE  OF  THE  INTERNAL  SECRETION  OF  THE 
PANCREAS   IN  THE  BLOOD. 

By  FRED  M.  DRENNAN. 

[From  the  Hull  Physiological  Laboratory  of  the  University  of  Chicago.] 

Op^HIS  work  was  undertaken  on  the  suggestion  and  under  the 
-*-  direction  of  Dr.  Carlson  in  the  fall  of  1910.  It  was  begun  on 
the  hypothesis  that  there  is  an  internal  secretion  from  the  pancreas 
which  has  a  direct  regulating  power  on  the  carbohydrate  metabolism 
of  the  animal,  and  that  the  most  probable  place  for  this  secretion  to 
be  found  is  in  the  blood  of  the  animal.  Forschbach/  in  his  experi- 
ments on  uniting  two  animals,  found  that  after  cross  circulation  had 
been  estabhshed  as  shown  by  injecting  iodine  into  one  animal  and 
finding  it  eliminated  in  the  urine  of  the  other,  removal  of  the  pan- 
creas of  one  was  not  followed  by  diabetes  of  either  animal.  He  also 
tried  some  transfusion  experiments  in  which  he  found  that  the  per- 
centage content  of  sugar  in  the  urine  of  a  diabetic  animal  was  lessened 
by  transfusion  from  a  normal  animal.  Minkowski^  also  performed 
transfusion  experiments  with  similar  findings.  These  results  could 
be  explained  by  a  dilution  h}Tpothesis  —  that  is,  aU  the  blood  of 
the  diabetic  animal  with  its  high  sugar  content  was  drawn  off  and 
replaced  by  blood  of  a  normal  dog  containing  the  normal  percentage 
of  sugar;  hence,  of  course,  the  sugar  content  in  the  transfused  animal 
would  be  less,  and  there  would  be  less  elimination  in  the  urine.  It 
seemed  that  if  by  injection  of  normal  defibrinated  blood  without 
previous  bleeding,  we  could  get  a  fall  in  the  sugar  percentage,  the 
fact  of  an  internal  secretion  would  be  more  conclusively  proven. 
Alexander  and  Ehrmann,^  and  De  Domenicis  "*  made  similar  attempts 

^  Forschbach:    Archiv  fiir  experimentclle  Pathologic  und  Pharmakologie, 
.1908,  Lx,  p.  131. 

2  Minkowski:  Ibid.,  p.  395. 

'  Alexander  and  Ehrmann:  Zeitschrift  fiir  experimentelle  Pathologic,  1908, 
V,  p.  367. 

*  De  Domenicis:  Gazette  Int.  Medicine,  1910,  xxxvii,  p.  435. 
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but  with  negative  results.  However,  the  method  seemed  so  feasible, 
and  the  results,  if  secured,  so  conclusive,  that  the  research  was 
attempted. 

The  method  used  was  to  perform  a  complete  pancreatectomy  and 
then  make  blood  injections  at  different  times  in  the  course  of  the 
diabetes  which  followed.  The  sugar  tests  were  made  with  Fehling's 
and  Benedict's  solutions.  There  may  be  some  criticism  in  regard  to 
titration  methods  of  quantitative  analyses,  but  the  changes  observed 
in  these  experiments  were  great  enough  so  that  titration  methods 
were  considered  exact  enough  when  run  with  the  proper  number  of 
controls. 

According  to  Lusk's  ^  results  the  amount  of  sugar  eliminated  is 
directly  influenced  by  the  intake  of  carbohydrate  and  less  directly  by 
the  intake  of  protein  and  fatty  food,  so  in  order  to  obviate  these 
changes  the  animals  all  through  the  series  were  fed  only  100  c.c.  of 
milk  twice  per  day.  This  had  the  advantage  that  it  prevented  or 
diminished  the  diarrhoea  following  pancreatectomy  in  addition  to  the 
fact  that  it  gave  the  dog  a  constant  diet. 

The  blood  for  injections  was  always  drawn  under  sterile  conditions 
into  a  sterile  flask  through  sterUe  tubes  and  defibrinated.  Then  it 
was  injected  into  the  leg  vein  of  the  diabetic  animals.  Uniform- 
sized  injections,  150  c.c,  were  used  in  all  cases,  since  the  animals 
used  were  all  of  practically  the  same  size  —  seven  to  eight  kilos. 


Results. 

It  was  found,  as  it  had  been  by  Von  Mering  and  Minkowski  ^  and 
other  investigators,  that  the  course  of  the  diabetes  was  fairly  constant. 
Sugar  invariably  appeared  in  the  urine  from  sLx  to  eighteen  hours 
after  complete  pancreatectomy,  reached  its  highest  level,  seven  to  ten 
per  cent,  within  twenty-four  to  forty-eight  hours  —  then  came  gradu- 
ally back  to  a  fairly  constant  level  of  about  four  per  cent.  The  fol- 
lowing table  will  show  the  course  of  a  typical  case:  — 

^  Lusk:  Journal  of  the  American  Medical  Association,  1910,  Iv,  p.  2105. 
8  VoK  Merikg  and  MixKOWsia:  Archiv  fiir  experimentelle  Pathologie  und 
Pharmakologie,  1890,  xxvi,  p.  371. 
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TABLE  I. 
Dog  I.  —  Complete  Pancreatectomy.  —  December  30,  10  a.  m. 


Date. 

Time. 

Amt.  Urine. 

Sugar. 

Sugar. 

Dec.  30 

3.30  p.  M. 

c.c. 

165 

per  cent. 

2.11 

gm. 

3.48 

Dec.  31 

7    A.M. 

140' 

2.74 

3.836 

1    P.  M. 

115 

4.90 

-5.635 

^ 

7   P.M. 

190 

7.69 

14.611 

Jan. 1      ■ 

7    A.  M. 
1    P.  M. 

225 
195 

5.219 
4.50 

11.742 
8.775 

Jan.  2 

7    A.  M. 

120 

3.39 

4.788 

Besides  the  typical  sugar  findings,  failure  of  the  wounds  to  heal, 
infection  from  any  skin  injury,  stitch  ulcers,  very  rapid  loss  of  weight, 
—  one  third  the  body  weight  in  two  weeks  —  excessive  thirst,  poly- 
uria, progressive  weakness  and  death  from  complications  or  death  in 
coma  were  the  usual  findings,  as  have  been  noted  by  other  workers 
on  experimental  pancreatic  diabetes. 

It  was  found  that  intravenous  injections  of  150  c.c.  of  normal 
blood  drawn  as  described  above,  always  caused  a  fall  in  the  percent- 
age of  sugar  in  the  urine  and  in  the  total  quantity  eliminated  for  the 
twenty-four  hours  following  the  injection.  A  few  topical  results 
follow  in  Table  II,  selected  from  experiments  on  twelve  dogs,  with  a 
total  of  twenty-two  injections  of  normal  blood:  Dog  I,  three  injec- 
tions; Dog  V  and  Dog  X,  one  injection  each. 

In  the  case  of  Dogs  XI  and  V  {a),  Table  II,  it  will  be  noticed  that 
the  injections  were  made  during  the  primary  rise  of  the  sugar  curve. 
It  will  also  be  noticed  that  the  fall  in  percentage  composition  of  sugar 
was  greater  than  when  the  diabetes  had  been  of  longer  standing,  so 
that  the  curve  had  reached  its  level,  as  it  had  in  Dogs  I,  V  (6),  and  X. 
These  results  are  selected  from  sLx  experiments,  all  of  which  show 
almost  identical  results. 

One  of  the  criticisms  which  may  be  brought  up  concerning  the 
work  is  that,  as  in  the  transfusion  method,  the  results  might  be  due 
simply  to  dilution  of  the  sugar  present  in  the  diabetic  animal,  as  it  is 
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seen  that  the  fall  comes  soon  after  the  injection  and  lasts  only  through 
a  period  of  twenty-four  hours  or  less.  But  it  wall  be  remembered  that 
after  pancreatectomy  the  height  of  the  sugar  curve  is  reached  in 
twenty-four  to  forty-eight  hours  with  the  sugar  appearing  in  from 
six  to  eight  hours.  We,  then,  would  expect  that  the  internal  secre- 
tion found  in  150  c.c.  of  injected  blood  would  influence  the  sugar 
metaboHsm  for  a  shorter  time  than  that  found  in  the  blood  and 
lymph  of  the  animal  at  the  time  of  pancreas  removal,  hence  the 
result  should  pass  off  within  twenty-four  hours'  time.  Again,  if  the 
dilution  criticism  should  hold,  we  would  expect  the  least  fall  when 
the  sugar  content  is  largest,  that  is,  when  the  injection  is  made  during 
the  primary  rise,  but  it  was  found  that  the  greatest  fall  resulted  from 
these  injections.  However,  with  this  point  in  mind,  the  following 
ex-periments  were  performed : 

1.  Under  comparable  conditions  100  c.c.  of  physiological  salt 
solution  were  injected  into  a  diabetic  animal.  This  was  considered  to 
be  about  the  amount  of  fluid  present  in  the  150  c.c.  blood  injections. 
Dog  XI  {h),  Table  II,  shows  a  t^'pical  result.  It  is  seen  that  there 
is  practically  no  change  in  the  percentage  of  sugar  nor  in  the  total 
amount  eliminated  for  the  twenty-four  hours  following  the  injection, 
thus  indicating  that  dilution  is  not  the  causative  factor. 

2.  Under  comparable  conditions,  again,  150  c.c.  of  dehbrinated 
blood  drawn  from  pancreatectomized  dogs,  hence  blood  which  con- 
tained no  internal  secretion,  was  injected  into  diabetic  dogs.  Two 
of  the  four  experiments  carried  out  are  given  in  Table  II,  Dogs  XII 
and  V  (c).  It  will  be  seen  that  the  curv^e  runs  along  as  though  no 
injection  had  been  made.  This  experiment  is,  of  course,  open  to 
criticism  in  that  the  blood  injected  had  practically  the  same  sugar 
content  as  that  of  the  animal  tested.  It  had  been  noticed  that  stale 
blood  did  not  give  the  typical  results;  hence  to  answer  the  above 
objection  the  following  experiments  were  tried: 

3.  Blood  was  drawn  from  a  normal  animal  under  sterile  conditions, 
defibrinated,  and  placed  in  the  ice  box  for  twelve  to  twenty-four 
hours.  It  was  then  brought  to  body  temperature  and  injected  into 
diabetic  animals  with  the  results  shown  in  Table  II,  Dogs  VHI  and 
XII.  These  experiments  seem  especially  important,  (a)  They  check 
up  conclusively  on  the  dilution  h>'pothesis,  for  in  every  particular 
save  that  the  blood  stood  for  a  few  hours,  the  injections  are  identical 
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TABLE  II. 


Date. 

Time. 

Amt.  Urine. 

Sugar. 

Sugar. 

Totals. 

per  cent. 

gm. 

10.30  p.  M. 

345 

4.20 

14.49 

Jan. 

7    A.M. 

270 

5.181 

13.9887 

25-26  2 

7.30  A.  M. 

125 

4.273 

5.341 

2   A.  M. 

125 

4.20 

5.25 

39.0697 

10  p.  M. 

400 

2.958 

11.832 

Jan. 

7   A.M. 

310 

1.726 

5.25 

26-27 

7.30  A.  M. 

115 

2.958 

3.4047 

2   P.M. 

200 

3.164 

6.328 

26.8117 

Jan. 

27-28 

10   p.  M. 

380 

4.717 

17.5246 

7   A.M. 

495 

5.435 

26.903 

2   P.M. 

150 

4.30 

6.45 

50.877 

Jan.     . 
29-30 

10.30  p.  M. 

365 

5.494 

20.053 

7   A.M. 

425 

5.102 

21.6835 

2   A.M. 

310 

4.808 

15.9048 

57.6413 

4  p.  M. 

165 

6.849 

11.3067 

Dog  11 

Jan. 
30-31' 

8  P.M. 

115 

1.908 

2.1862 

10.30  p.  M. 

110 

3.546 

3.9006 

7   A.M. 

365 

4.807 

17.5455 

7.45  p.  M. 

65 

6.25 

4.0625 

39.005 

3  p.  M. 

265 

6.62 

17.543 

Jan. 31 

12  p.  M. 

275 

6.097 

16.7667 

Feb.  1     ■ 

7.30  p.  M. 

445 

5.882 

26.1749 

2   A.M. 

220 

5.154 

11.3388 

71.8234 

FpH 

10.30  p.  M. 

575 

5.435 

31.2512 

X  CIJ. 

1-2      ■ 

7.30  A.  M 

455 

5.55 

25.2833 

2  p.  M. 

270 

5.102 

13.7754 

70.3099 

Feb. 
2-3^    ■ 

7   A.  M. 

315 

4.198 

12.9097 

7.30  p.  M. 

190 

4.587 

8.325 

2  -P.M. 

40 

2.678 

1.1712 

22.4059 

Feb. 
3-4     ■ 

V 

10.30  P.  M. 

135 

2.283 

3.082 

7.30  p.  M. 

445 

3.937 

17.5196 

1.30  P.M. 

465 

5.208 

24.172 

45.7636 

• 

March 
7-8  8    ■ 

10.30  p.  M. 

240 

4.902 

11.7648 

7   A.M. 

190 

4.762 

9.0478 

2   P.M. 

200 

4.95 

9.9 

30.712 

J  March 
8-9      ■ 

11   P.M. 

120 

3.086 

3.7032 

Dog  V  {bf 

7   A.  M. 

320 

3.968 

12.6976 

12   M. 

80 

3.267 

2.6136 

19.0368 

March 
9-10    ■ 

7   A.M. 

160 

4.902 

7.843 

9   A.M. 

2  p.  M 

120 
200 

5.618 
5.25 

6.7416 
10.5 

25.084 

JVIay 
20-21 8 

5  p.  M. 

110 

3.25 

3.575 

8   A.  M. 

310 

3.52 

7.392 

10  A.  M. 

90 

3.106 

2.7954 

13.76 

IMay 
<^   21^22    ' 

2   P.M. 

210 

1.004 

2.108 

Dog  X 

7.30  p.  M. 

7   A.M. 

230 
330 

1.348 
1.773 

3.1 

5.85 

11.058 

10.30  A.  M. 

95 

2.825 

2.683 

1  Complete  pancreatectomy  Dec. 

30,   1910.        2  Injection  made    Jan. 

25,    1911, 

2.30  p.  M.,  normal  dcfihrinatcd  blood 

'  Injection  Jan.  30,  3  p.  M.,   nor 

mal  defib- 

rinated  blood.          •*  Injection  Feb.  2 

,  3  p.  M.,  normal  defibrinated  blood. 

5  Pan- 

createctomy  Feb.  28.         "  Injection 

March  7,  3  p.  m.,  150  c.c.  normal  d 

efibrinated 

blood.         '  Pancreatectomy  May  1' 

8  Injection  May  21,  10.30  a.  m 

.,  150  c.c. 

normal  defibrinated  blood. 
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TABLE   II.  —  continued. 


Date. 

Time. 

Amt.  Urine. 

Sugar. 

Sugar. 

Totals. 

per  cent. 

gm. 

May 

1  p.  M. 

85 

2.64 

2.244 

22-23 

5  p.  M. 

110 

2.25 

2.475 

10   A.  M. 

215 

3.50 

7.525 

14.927 

/   June    / 

10.30  p.  M. 

130 

5.16 

6.708 

18-19     1 

8   A.  M. 

150 

8.41 

12.615 

19.323 

Dog 

June 
<  19-202  ■ 

6  p.  M. 

180 

1.31 

2.358  ■ 

XI  (a)i 

10    A.M 

120 

5.434 

65.208 

8    A.  M. 

161 

5.492 

8.787 

17.6658 

Jime 
20-21 

3.40  p.  M. 

105 

5.747 

6.035 

1  10.30  p.  M. 

180 

5.434 

9.7812 

8   A.  M. 

95 

5.747 

5.457 

21.2732 

(  March 

1.30  P.M. 

215 

4.761 

10.2316 

1'      '. 

.... 

.... 

10.2316 

4.30  p.  M. 

80 

6.778 

6.6224 

March 

11    P.M. 

70 

0.695 

0.4865 

Dog  V  {ay 

<      1-2     ■ 

9.30  A.  M. 

180 

3.766 

6.778 

12.30  p.  M. 

140 

5.344 

7.4816 

15.3685 

March 

2-3 

'■  June 

21 5 

3.30  p.  M. 

165 

4.95 

8.1675 

11   p.  M. 

130 

4.672 

6.0736 

7   A.  M. 

330 

4.504 

15.764 

31.005 

8   A.  M. 

160 

5.492 

8.787 

3.40  p.  M. 

105 

5.747 

6.035 

Dog  XI 

10.30  p.  M. 

180 

5.434 

9.7812 

24.6032 

(i) 

< 

June 
22 

8   A.  M. 

95 

5.747 

5.4578 

5  p.V. 

170 

5.263 

8.947 

1.30  p.  M. 

180 

5.371 

10.667 

25.0726 

>                ■ 

June 

25' 

10.30  p.  M. 

120 

4.587 

5.5044 

8   A.  M. 

200 

4.902 

9.804 

2   P.M. 

140 

4.807 

6.7298 

22.038 

Dog  XII « 

< 

26 

8  P.M. 

•      200 

5.435 

10.87 

7   A.M. 

120 

5.814 

6.9768 

2   P.M. 

105 

5.747 

6.034 

23.88 

V                           • 

March 

12-13  8 
< 

7   P.M. 

100 

4.201 

4.201 

7   A.M. 

120 

4.673 

5.5876 

Dog  V  (c) 

7.30  A.'M. 

130 

4.673 

6.0749 

15.8376 

March  / 

2.30  p.  M. 

110 

4.807 

5.2877 

\  13-14    \ 

10   A.  M. 

215 

4.717 

10.1415 

15.429 

(   May     / 

8   A.  M. 

130 

6.024 

7.8312 

1610     j 

10.30   A.  M. 

170 

7.042 

11.9714 

19.8026 

Doj  VIII 9 

i    May 
I      17      ■ 

4.30  p.  M. 

105 

7.462 

7.835 

11.30  P.M. 

25 

6.944 

1.746 

7   A.  M. 

85 

6.85 

5.9225 

15.5035 

June 
26-27  "  ■ 

8  P.M. 

200 

5.435 

10.87 

7   A.M. 

120 

5.814 

6.9768 

Dog  XII 

2  P.M. 

105 

5.747 

6.034 

23.88 

June 
27-28    ■ 

5  p.  M. 

120 

5.618 

6.7416 

7   A.M. 

210 

5.952 

12.499 

11    A.  M. 

110 

5.882 

6.4702 

25.7208 

1  Pancreatectomy  June  18,  12  m. 

2  Injection 

June  19,  9  a.  m.,  150  c.c. 

normal  de- 

fibrinated  blood.       ^  Pancreatectom 

y  Feb.  28,  5  i 

'.  M.       *  Injection  Marcb 

l  1,  9  A.  M., 

150  c.c.  normal  defibrinated  blood. 

^  Injection 

June  21,  8  a.m.,  100  c.c. 

NaCl  solu- 

tion  0.8  per  cent.      «  Pancreatectomi 

jed  June  23. 

'  Injection  June  25, 9  A. 

M.,  150  c.c. 

blood  from  diabetic  dog.       ^  March 

13,  10  a.  m.,  i 

njected  150  c.c.  blood  fro 

m  diabetic 

dog.        "  Pancreatectomy  May  15,  5 

p.  M.        10  I 

njection  May  16,  8.30  A. 

M.,  150  c.c. 

stale  blood.       "  Injection  June  27,  ] 

0  A.  M.,  150  c 

.c.  stale  blood. 
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with  those  from  which  the  fall  of  sugar  was  obtained,  and  since  there 
is  no  change  in  the  sugar  percentage  it  can  be  taken  as  proven  that 
the  change  noted  in  the  experiments  above  was  not  brought  about 
by  a  mere  matter  of  diluting  the  sugar  in  the  blood  of  the  diabetic 
animal,  (b)  Since  these  injections  gave  no  fall  in  sugar  content  it 
seems  that  the  internal  secretion  is  a  relatively  unstable  body  and 
destroyed  on  standing  even  for  a  few  hours,  hence  injections  to  be 
successful  must  be  done  immediately  after  the  blood  is  drawn. 

A  second  objection  that  may  be  raised  is  that  the  change  of  tem- 
perature —  the  fever  that  may  follow  the  injections  —  as  has  been 
noticed  in  the  injections  of  pancreatic  extracts,  might  cause  the  fall 
of  sugar  noticed  in  these  experiments.  Tests  taken  before,  during 
and  after  the  time  of  the  injections,  show  that  the  blood  injections  if 
done  under  sterile  conditions  do  not  cause  any  rise  in  temperature; 
hence  this  cannot  be  a  factor.  It  was  noticed,  however,  that  there 
was  a  rise  of  a  few  degrees  after  the  salt  solution  injections,  but  in  this 
case  there  was  not  a  fall  in  the  sugar  percentage. 

Nitrogen  determinations  were  not  made  in  all  the  experiments, 
but  in  those  in  which  they  were  the  ratio  of  D  and  N  was  practically 
that  found  by  Lusk  in  his  experiments,  and  this  proportion,  which 
he  considers  the  only  true  criterion  of  the  absolute  diabetic  condition, 
runs  a  course  comparable  to  the  course  of  the  sugar  given  above. 


SuMiLAJiY  OF  Results. 

1.  Intravenous  injections  of  fresh  defibrinated  blood  from  a  normal 
dog  into  a  pancreatectomized  dog  lower  the  percentage  of  sugar  in 
the  urine  and  the  D  :  N  ratio  for  a  period  of  less  than  twenty-four 
hours.  Control  experiments  made  with  salt  solution,  stale  blood,  and 
blood  drawn  from  pancreatectomized  animals  show  that  this  action 
is  due  to  the  internal  secretion  of  the  pancreas  present  in  the  blood. 

2.  The  defibrinated  and  sterile  blood  loses  this  action  in  the 
course  of  a  few  hours.  The  internal  secretion  of  the  normal  pancreas, 
then,  appears  to  be  a  relatively  unstable  body,  a  fact  which  may  make 
its  extraction  from  the  gland  difiicult,  and  may  account  for  some  of 
the  failures  to  secure  active  extracts  from  the  pancreas. 


STUDIES  IN  EXPERniENT.\L  GLYCOSURIA.  —  VII.  THE 
AMOUNT  OF  GLYCOGENASE  IN  THE  LIVER  AND  IN 
THE  BLOOD  ISSUING  FROM  IT,  AS  AFECTED  BY 
STIMULATION  OF  THE  GREAT  SPLANCHNIC  NER\'E. 

By  J.  J.   R.   ^lACLEOD  axd  R.   G.   PEARCE. 

[From  the  Physiological  Laboratory,  Western  Reserve  University,  Cleveland,  Ohio.] 

'  I  '^HE  variable  amounts  of  sugar  which  are  discharged  by  the 
-■■  liver  into  the  blood  of  the  inferior  vena  cava  depend  on  varia- 
tions in  the  activity  of  the  intracellular  diastatic  ferment,  glycogenase. 
A  marked  hyperactivity  of  this  ferment,  resulting  in  a  rapid  rise  in 
the  percentage  of  sugar  in  the  blood,  can  be  produced  by  stimulation 
of  the  nervous  system  in  various  ways,  e.  g.,  piqure,  stimulation  of 
the  splanchnic  nerve,  etc.  The  h}-perglyc3emia  which  occurs  in  the 
different  forms  of  experimental  diabetes  (pancreatic,  adrenalin,  etc.) 
and  in  diabetes  meUitus  is  also  due,  in  the  earlier  stages  at  least,  to 
a  similar  cause,  although  later  in  these  cases  the  process,  which  is 
responsible  for  the  excessive  sugar  production,  includes  something 
more  than  exaggerated  glycogenolysis. 

These  variations  in  the  activity  of  glycogenase  may  depend  on: 
(i)  a  variation  in  the  amount  of  the  active  ferment  or  (2)  a  variation 
in  the  conditions  under  which  a  constant  amount  of  ferment  acts. 
It  is  generally  assumed  that  it  is  by  the  former  of  these  possible 
mechanisms  that  the  variations  in  sugar  production  in  the  liver  occur, 
and  in  support  of  such  a  liew,  Bang  and  his  pupils  have  pubUshed 
extensive  researches  which  would  at  first  sight  seem  to  support  the 
hypothesis.  We  shall  discuss  Bang's  obserA^ations  later,  but  mean- 
while it  will  be  well  to  point  out  that  the  willingness  of  most  writers 
to  accept  such  a  view  without  much  questioning  is  due  to  its  undoubted 
application  in  the  case  of  the  digestive  glands.  As  has  been  shown 
by  Pawlow,  the  amount  of  active  ferment  produced  by  these  varies 
more  or  less  with  the  amount  of  food  to  be  digested.     To  draw  an 
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analogy  between  the  action  of  the  digestive  glands  and  the  glyco- 
genic function  of  the  liver  is,  however,  quite  unwarranted,  for  the 
former  concerns  the  production  of  extra-cellular  enzymes  over  which, 
after  their  secretion,  the  cell  which  produces  them  can  have  no  con- 
trol, whereas  the  latter  concerns  the  activity  of  a  ferment  acting 
where  it  is  produced  and  susceptible  to  all  sorts  of  controlling  influ- 
ences exercised  by  the  cell  in  which  it  acts.  In  the  one  case  the  secre- 
tion is  external,  in  the  other  we  are  dealing  with  a  ductless  gland. 

When  the  active  secretion  of  a  ductless  gland  is  carried  away  by 
the  blood,  it  is  probable  that  its  production  may  be  under  the  con- 
trol of  the  nervous  system,  e.  g.,  the  secretion  of  adrenalin;^  but  when 
the  active  secretion  unfolds  its  action  within  the  body  of  the  cell 
which  produces  it,  as  is  believed  to  be  the  case  with  glycogenase, 
other  methods  of  regulation  than  a  variation  in  the  amount  of 
ferment  must  be  considered  as  responsible  for  the  variable  activity. 
In  such  cases  we  should  expect  the  amount  of  active  ferment  ex- 
tractable  from  the  gland  to  undergo  no  change  even  although  the 
gland  is  h>-peractive.  It  is  not  the  amount  of  intracellular  ferment 
which  varies  as  the  result  of  nerve  stimulation,  but  the  conditions 
under  which  a  constant  amount  of  ferment  acts.  Such  changes  in 
environment  can  be  produced  in  a  multitude  of  ways,  e.  g.,  changes 
in  the  H'-ion  concentration  in  the  cell,  changes  in  the  nature  of  the 
kations  present,  the  presence  or  absence  of  co-ferments  and  activa- 
tors and  in  the  case  of  certain  ferment  processes  at  least,  changes  in 
the  physical  condition  of  the  substrat  {i.  e.,  in  the  manner  in  which 
it  is  contained  in  the  protoplasm  of  the  cell). 

These  preliminary  remarks  will  indicate  the  nature  of  our  problem 
in  the  present  research.  Briefly  stated,  it  is  this:  is  the  amount  of 
glycogenase  extractable  from  the  liver  cells,  when  these  are  pro- 
ducing excessive  amounts  of  sugar  from  glycogen,  any  greater 
than  that  extractable  from  the  normal  liver?  Since  it  is  known 
that  certain  of  the  ductless  glands  discharge  their  secretion  into 
the  blood,  we  have  also  in  the  present  research  examined  the  blood 
issuing  from  the  liver  to  see  whether  an  increased  amount  of  glyco- 
genase might  be  present  in  it  during  excessive  production  of  sugar 
by  the  liver. 

*  Cf.  Swale,  Vincent:  Ergebnisse  der  Physiologie;  Jahrg.  IX,  1910;  Asher: 
Zcntralblatl  fiir  Physiologie,  191 1,  No.  20,  p.  927. 
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As  already  stated,  Bang,  Ljungdahl  and  Bohm  ^  have  published 
researches  bearing  on  the  same  question.  Rabbits,  usually  fed  with 
sugar,  were  quickly  killed  and  the  Hver  of  each  washed  free  of  blood 
with  isotonic  saline  solution  at  body  temperature.  The  blood-free 
liver  was  then  minced  and  portions  incubated  in  the  presence  of 
toluol  for  four  hours  at  body  temperature,  after  wliich  the  amount 
of  glycogen  was  determined.  Another  portion  of  each  Hver  was 
heated  so  as  to  destroy  its  ferments;  it  served  as  a  control  of  the 
amounts  of  glycogen  originally  present.  When  the  Hver  did  not 
contain  much  glycogen,  this  substance  was  sometimes  added  to  the 
minced  Hver  so  as  to  keep  the  amounts  constant.  The  difference 
between  the  amounts  of  glycogen  found  in  the  heated  and  the  incu- 
bated portions  of  Hver  was  taken  as  an  index  of  the  activity  of  the 
glycogenase  present  in  the  Hver  at  the  time  of  death.  This  difference 
was  calculated  as  a  percentage  of  the  amount  of  glycogen  at  the  start 
of  incubation.  Such  experiments  were  carried  out  with  normal  rabbits 
and  with  rabbits  that  had  been  treated,  just  before  killing,  in  some 
way  known  to  produce  glycosuria.  A  series  of  remarkable  results 
were  obtained,  of  which  the  followng  may  be  noted  in  the  present 
connection.  The  normal  percentage  disappearance  of  glycogen  in 
six  hours  was  found  to  vary  from  6.6  for  rabbits  in  winter  to  9.4  for 
rabbits  in  summer.  Starvation  was  found  to  increase  these  figures 
to  an  average  of  13.  Asphyxia  raised  it  to  13.8,  and  hemorrhage  from 
the  carotid  with  simultaneous  transfusion  of  saline  through  the  jugu- 
lar vein  yielded  values  ranging  from  12.1  to  35.3.  Great  increases 
were  produced  by  stunning  the  rabbit;  piqure  caused  a  sudden  great 
increase  followed  by  a  fall  which  was  again  followed  by  a  rise.  With- 
out devoting  much  time  to  a  discussion  of  those  results,  there  are 
several  points  in  connection  with  them  which  require  some  attention. 
In  the  first  place  the  individual  figures  from  which  the  averages  are 
compiled,  are  extremely  irregular;  for  normal  rabbits,  for  example, 
they  vary  from  2.3  to  9.3  per  cent  (winter  rabbits)  and  7.1  to  ii.o 
(summer  rabbits).  Indeed  in  Tables  I,  III,  and  IV,  the  absolute 
amounts  of  glycogen  which  disappeared  during  incubation  are  dis- 
tinctly more  constant  than  the  percentage  amounts,  and  when  we 
consider  those  values  in  the  case  of  the  experiments  in  which  increased 

2  Bang,  I.  (Ljungdahl  and  Bohm):    Beitrage  zur  chemischen  Physiologic 
und    Pathologie,  1907,  ix,  p.  40S;    1907,  p.  i;    1907,  x,  p.  312. 
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ferment  content  is  supposed  to  be  demonstrated,  no  constant  change 
is  noticeable.  The  averages  given  for  absolute  amounts  of  glycogen 
which  disappeared  from  normal  liver  are  0.67,  0.96,  and  0.87;  for  the 
starvation  experiments,  0.439;  fo^"  transfusion  with  various  saline 
solutions,  0.56,  1.27,0.78,  i.oi;  for  hemorrhage,  1.15,  and  for  asphyxia, 
1.23.  The  initial  amounts  of  glycogen  in  the  above  cases  were  respec- 
tively 12.2,  10.5,  13.0;  0.845;  4.6,8.2,5.88,  6.40;  8.20,  and  6.80.  The 
variations  which  the  percentage  values  reveal  were  therefore  more 
dependent  on  the  original  amounts  of  glycogen  present  in  the  incu- 
bation mixtures  than  on  the  amounts  which  actually  underwent 
change.^ 

Quite  apart  from  these  errors  in  method  of  computation,  however, 
the  principle  adopted  for  the  estimation  of  the  amount  of  ferment  is 
wrong,  for  such  changes  as  were  observed  might  be  due  to  several  causes. 
Thus,  variations  in  the  reaction  of  the  incubation  mixture  would 
have  a  marked  effect  on  the  rate  of  glycogenolysis  (for  it  is  improb- 
able that  the  amount  of  the  acids  produced  by  autolysis  in  different 
livers  is  the  same).'*  The  presence  in  the  incubation  mixtures  of 
variable  amounts  of  substances  capable  of  influencing  the  acti\^ty  of 
glycogenase,  such  as  lecithin^  and  bile  salts,^  as  well  as  of  anti- 
ferments  originally  present  in  the  blood  and  lymph,  but  not  always 
removed  by  the  washing  process  to  the  same  degree,  might  account 
for  the  differences  observed.  The  same  criticism  would  apply  to 
the  removal  of  the  blood  and  l}Tnph  ferments."  The  greater  gly- 
cogenolytic power  of  livers  removed  from  rabbits  perfused  through 
the  jugular  vein  with   saHne  solution   as   compared  with  "normal" 

^  In  this  connection  it  is  of  importance  to  bear  in  mind  that  when  there  is 
an  excess  of  substrat  in  comparison  with  the  amount  of  enzyme  present  in  the 
reaction  mixture  of  starch  and  diastase,  the  amounts  of  starch  hydrolyzed  in 
equal  periods  of  time  are  equal.  In  such  a  case  it  is  obviously  wrong  to  use  the 
percentage  amount  hydrolyzed  as  a  criterion  of  the  strength  of  ferment. 

Brown,  H.  T.,  and  Glendinning,  T.  A.:  Journal  of  the  Chemical  Society, 
1902,  Ixxxi,  p.  388. 

*  C/.  MACLEOD,  J.  J.  R.:  This  journal,  1909,  xxiii,  p.  278. 

'  Centanini:  Biochemische  Zeitschrift,  1910,  xxix,  p.  389;  Lapidus:  Bio- 
chemischc  Zeitschrift,  1910,  xxx,  p.  39. 

«  WoiiLGE-MUTH,  J.:   Biochcmische  Zcitschrift,  1909,  xxi,  p.  447. 

^  Bang  seems  to  recognize  these  possible  influences,  for  he  discusses  them  in 
connection  with  alcohol  precipitation  of  the  ferment.  By  his  method,  however, 
he  does  not  avoid  them. 
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livers  might  be  explained  by  unequal  washing  out  of  blood  from  the 
liver  in  the  two  cases. 

In  most  of  Bang's  experiments  there  is  no  evidence  that  when  ab- 
normally large  amounts  of  ferment  were  found  present  any  larger 
than  normal  amounts  of  sugar  were  being  produced  by  the  liver. 

The  comparisons  were  made  between  the  Hvers  of  normal  and 
experimentally  treated  animals.  This  cannot  of  course  yield  reliable 
results  unless  very  large  numbers  of  investigations  are  made.  Some 
of  Bang's  conclusions  are  based  on  the  results  obtained  from  one  or 
two  experiments  (cf.  Tables  7,  8,  9,  10,  and  11  of  Bang's  paper). 

In  the  present  research  the  technique  adopted  has  varied  somewhat 
in  different  groups  of  experiments.  It  is  of  course  impossible  to  ob- 
tain pure  preparations  of  glycogenase,  the  precipitates  with  alcohol, 
as  used  by  Pick,  Mendel,  etc.,-  being  quite  uncertain  as  regards  their 
glycogenolytic  activity.  Thus  we  have  found  that  alcohol  precipi- 
tates of  the  same  liver  may  show  quite  variable  glycogenolytic  strengths 
according  to  the  length  of  time  during  which  the  precipitate  has  stood 
under  the  alcohol.  On  the  other  hand,  as  already  explained,  it  is 
necessary  to  isolate  the  glycogenase  as  far  as  possible  from  the  other 
constituents  of  the  liver  cell  which  could  influence  its  activity. 

We  have  attempted  to  fulfil  these  conditions  in  the  present  research, 
firstly,  by  using  liver  preparations  which  were  brought  as  httle  as 
possible  in  contact  with  reagents,  such  as  alcohol,  which  can  affect 
the  activities  of  glycogenase;  secondly,  by  allowing  the  ferment 
preparations  to  act  in  the  presence  of  a  relatively  large  volume  of 
pure  glycogen  solution,  which  was  the  same  in  amount  for  the  different 
ferment  preparations  of  a  given  experiment;  thirdly,  by  maintaining 
the  reaction  feebly  acid  by  the  use  of  a  phosphate  mixture.  In  one 
set  of  experiments  saline  or  Buchner  extracts  of  liver  were  employed; 
in  another  set,  Wiechowski  preparations.^ 

In  order  to  eliminate  errors  involved  by  comparing  preparations 
from  the  livers  of  different  animals,  we  have  chosen  for  our  work 
sufficiently  large  dogs  to  permit  of  the  removal  at  the  beginning  of 
each  experiment  of  a  portion  of  liver  from  which  a  determination  of 
the  normal  ferment-strength  could  be    made.     The    glycogenolytic 

8  Wiechowski:  Abderhalden's  Handbuch  der  Biochemischen  Arbeitsmetho- 
den,  1909,  iii,  i,  p.  282. 
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activity  of  this  normal  was  then  compared  with  that  of  an  exactly- 
similar  preparation  from  another  portion  of  liver  removed  during 
stimulation  of  the  great  splanchnic  nerve.  We  have  employed  this 
method  for  exciting  increased  sugar  production  in  the  liver  because 
it  is  the  most  direct  and  uninvolved  that  we  know  of. 

In  all  cases  we  have  collected  blood  from  the  inferior  vena  cava 
opposite  the  entrance  of  the  hepatic  veins  before,  and  during,  the 
stimulation  of  the  nerve  and  determined  the  percentage  of  reducing 
substance  in  it,  in  order  to  be  certain  that  increased  glycogenolysis 
was  really  induced  by  the  splanchnic  stimulation. 

The  details  of  technique  are  as  follows: 

A  diet  of  bread  and  meat,  sometimes  with  cane  sugar  added,  was 
fed  to  the  dogs  on  the  day  previous  to  the  experiment.  After  ether- 
izing, tracheal  and  carotid  cannulas  were  inserted,  the  latter  being 
connected,  by  means  of  tubing  filled  with  two  per  cent  sodium  citrate 
solution,  with  a  mercury  manometer.  The  splanchnic  nerve  on  the 
left  side  was  then  exposed  and  laid,  without  cutting  it,  on  shielded 
electrodes.  A  ligature  was  placed  underneath  the  inferior  vena  cava 
just  below  the  renal  veins,  and  a  glass  cannula  about  8-10  cm.  long 
and  6  mm.  external  diameter  inserted  in  the  central  end  of  the  left 
renal  vein.  The  open  end  of  this  cannula  lay  in  the  inferior  vena  cava 
about  opposite  the  entrance  of  the  hepatic  veins.  It  was  connected 
by  rubber  tubing  with  a  T-piece  and  served  for  the  collection  of 
blood  from  the  vena  cava.  In  collecting  the  blood  samples  the  fol- 
lowing procedure  was  adopted:  a  powerful  syringe  made  of  hard 
rubber  and  of  a  capacity  of  50  c.c.  was  connected  with  one  limb  of 
the  T-piece,  the  remaining  free  limb  being  closed  by  rubber  tubing 
and  a  clip.  A  few  cubic  centimetres  of  blood  were  sucked  into  the 
syringe,  the  tubing  between  the  cannula  and  the  T-piece  then  clamped, 
the  free  limb  of  the  T-piece  opened,  and  the  aspirated  blood  ejected 
through  it.  This  process  was  repeated  three  times  so  as  to  be  certain 
that  there  should  be  no  contamination  of  the  blood  samples  with 
fluid  present  in  the  tubing  or  syringe.  The  ligature  under  the  vena 
cava  was  then  pulled  up  so  as  to  shut  off  the  blood  from  the  lower 
portion  of  the  body  and  the  piston  of  the  syringe  slowly  withdrawn. 
This  process  occupied  about  thirty  seconds.  The  ligature  under  the 
vena  cava  was  immediately  loosened,  the  tubing  between  cannula 
and  T-piece  clamped,  the  syringe  removed  and  the  blood  discharged 
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into  Reid's  reagent  or  2  per  cent  potassium  oxalate  solirtion.  A  few 
cubic  centimetres  of  a  2  per  cent  solution  of  sodium  citrate  was 
then  sucked  into  the  syringe,  this  connected  again  with  the  T-piece, 
and  most  of  the  solution  discharged  through  the  free  limb,  after 
which  a  little  of  the  solution  was  injected  into  the  vein  through  the 
cannula.  By  this  method  the  cannula  and  tubing  were  freed  of  blood 
and  filled  with  the  anti-coagulant  fluid.  The  removal  of  the  subse- 
quent samples  of  blood  was  in  this  way  easily  accomplished  without 
any  trouble  with  clots.  The  small  amount  of  sodium  citrate  solution 
which  was  injected  in  the  circulation  did  not,  as  control  experiments 
showed,  cause  any  increase  in  the  percentage  reducing  power  of  the 
blood. 

Immediately  after  the  removal  of  the  blood  sample,  a  lobe  of  hver 
was  removed,  a  flat  Hgature  (shoe  lace)  being  tied  around  its  base. 
The  piece  of  liver  was  either  washed  free  of  blood  by  means  of  iso- 
tonic saline  injected  through  the  veins  exposed  in  the  cut,  or  was  cut 
in  thin  slices  which  were  washed  in  several  changes  of  isotonic  saline 
and  pressed  firmly  several  times  between  folds  of  absorbent  filter 
paper  until  these  no  longer  were  stained  by  blood.  In  a  given  experi- 
ment of  course  either  the  one  or  the  other  of  these  methods  for  the 
removal  of  blood  was  adopted.  All  traces  of  blood  and  lymph  were 
probably  not  removed  by  the  filter  paper  method,  and  even  by  that 
of  perfusion  it  is  uncertain  whether  this  can  be  equally  eft'ected  in 
all  cases.  The  one  method  is  probably  as  reUable  as  the  other, 
however,  and  the  subsequently  recorded  results  will  indicate  of  what 
value  the  adoption  of  both  proved  to  be  in  the  present  research. 
The  blood-free  liver  was  then  quickly  weighed,  and  in  most  of  the 
experunents  passed  through  a  fine  disintegrating  apparatus  and  im- 
mediately spread  out  in  a  thin  layer  on  glass  plates  (2.5  dm.  X 
4  dm.),  which  were  then  placed  in  a  strong  current  of  air  in  a 
suitably  made  air-tight  box  connected  with  a  powerful  air  pump. 
After  drying  (which  occupied  from  2  to  4  hours)  the  scales  of 
dried  liver  tissue  were  either  immediately  used  for  preparing  the 
ferment  solution  or  placed  in  a  cartridge  of  absorbent  paper, 
such  as  are  used  for  fat  extractions,  and  extracted  with  cold 
toluol  in  Wiechowski's  apparatus  for  several  days.^  The  residue 
was  finally  ground  thoroughly  in  a  mortar  and,  for  the  incubation 

8  WiECHOWSKi:  Loc.  cit. 
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experiment,  «  gm.  macerated  with  lo  c.c.  distilled  water  until  an 
emulsion  was  obtained. 

The  advantages  of  Wiechowski's  method  for  work  of  the  t>pe 
described  in  this  paper  are:  (i)  that  it  requires  only  a  small  piece  of 
tissue;  (2)  that  the  final  preparations  can  be  kept  indefinitely;  (3)  that 
no  reagent  capable  of  injuring  the  diastase  is  used;  (4)  that  Upoids 
are  removed,  thus  diminishing  the  tendency  to  change  of  reaction 
during  subsequent  incubation,  on  account  of  the  action  of  lipase. 

In  others  of  the  experiments  a  larger  lobe  of  liver  was  "removed,  and 
a  Buchner  or  a  saHne  extract  prepared  from  it  as  described  in  a  pre- 
vious paper.^° 

The  incubation  experiments  were  also  conducted  in  the  same  way 
as  described  in  the  paper  referred  to  with  the  following  modifications. 

I .  The  incubation  mixtures  were  all  mixed  with  a  phosphate  solution 
made  by  adding  to  a  m/3  solution  of  H3PO4  i5/i6ths  of  the  amount 
of  N/io  NaOH  necessary  to  give  the  same  tint  with  phenolphthalein 
as  is  given  by  a  solution  of  Na2HP04  and  phenolphthalein  of  similar 
concentration.  This  contains  practically  the  same  concentration  of 
H  -ions  as  blood.  The  amount  of  this  solution  added  was  in  each  case 
sufficient  to  give  the  same  percentage  of  H3PO4  in  the  incubation 
mixture  as  exists  in  blood  (o.oi  per  cent).  During  incubation  the  solu- 
tions remained  practically  isohydric,  as  was  ascertained  by  making 
comparative  titrations  of  equal  amounts  of  certain  of  the  incubation 
mixtures  with  rosoHc  acid  before  and  after  incubation.  Before  adopt- 
ing these  quantities  of  phosphate  mixture  we  investigated  the  influ- 
ence on  the  rate  of  glycogenolysis  of  varying  amounts  of  the  mixture. 
The  following  results  were  obtained:  Quantities  of  25  c.c.  each  of 
a  glycogen  solution  were  mixed  with  an  amount  of  Wiechowski  Kver 
preparation  equalling  i  gm.  moist  liver,  varying  quantities  of  phos- 
phate mixture  added  and  incubated;  2  cm.  were  removed  from  each 
flask  before  and  after  incubation,  diluted  and  mixed  with  equal 
amounts  of  rosohc  acid.  The  tint  was,  if  anything,  somewhat  darker 
in  the  incubated  specimens.  There  was  certainly  no  increase  in 
acidity  in  any  of  the  samples.  Twenty  cubic  centimetres  of  each 
specimen  were  then  used  to  determine  the  rate  of  glycogenolysis  with 
the   following  results: 

"  MACLEOD,  J.  J.  R.,  and  Pe.\rce,  R.  G.:  This  journal,  1910,  x.xv,  p.  255. 
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1.  Contained  0.2   c.c.   phosphate  solution  and  showed  31.7  per  cent 

glycogen  disappeared. 

2.  Contained  0.3    c.c.   phosphate  solution   and  showed    33.1  per  cent 

glycogen  disappeared. 

3.  Contained  0.4  c.c.  phosphate  solution  and  showed   29.4   per   cent 

glycogen  disappeared. 

4.  Contained  0.5  c.c.  phosphate  solution  and  showed    28.8   per  cent 

glycogen  disappeared. 

5.  Contained  0.7  c.c.  phosphate  solution  and   showed  29.4   per  cent 

glycogen  disappeared. 

6.  Contained   0.9  c.c.   phosphate  solution   and  showed  29.3  per  cent 

glycogen  disappeared. 

7.  Contained  1.2  c.c.  phosphate  solution  and  showed   29.8   per   cent 

glycogen  disappeared. 

The  rate  of  glycogenolysis  was  practically  the  same  throughout. 
In  our  experiments  we  have  added  0.22  c.c.  phosphate  mixture  for 
every  10  c.c.  of  incubation  fluid.  This  corresponds  with  No.  3  in 
the  above  table. ^^  We  have  found  that  a  large  excess  of  phosphate 
sometimes  accelerates  glycogenolysis  independently  of  the  reaction; 
hence  the  reason  for  using  such  small  amounts  in  these  experiments.^^ 

2.  In  a  great  majority  of  the  experiments  the  contents  of  the  flasks 
were  kept  in  constant  agitation  during  incubation  by  means  of  a 
mechanical  shaking  device  placed  in  the  incubator.  We  have  adopted 
this  precaution  because  of  the  sediment  which  otherwise  not  infre- 
quently collects  in  the  incubation  mixtures.  These  sediments  con- 
tain glycogen.    The  same  precaution  is  also  urged  by  Starkenstein.^^ 

3.  The  glycogen  estimations  were  made  in  the  same  way  as  in  our 
previous  paper  except  that  Bang's  titration  method  was  employed 
instead  of  the  gravimetric,  for  the  estimation  of  the  dextrose.  It  is 
impossible  to  use,  for  this  research,  any  approximate  method  for  the 
determination  of  diastatic  activity.  Of  such  methods  that  of  Wohl- 
gemuth is  usually  employed,  but,  although  very  useful  for  many 
purposes,  it  is  not  accurate  enough  to  demonstrate  the  slight  differ- 
ences in  ferment  strength  which  might  exist  in  our  experiments. 

In  calculating  the  results,  we  have  assumed  that  the  amount  of 

"  We  are  greatly  indebted  to  Dr.  L.  J.  Henderson  for  the  valuable  advice 
which  he  gave  us  concerning  the  use  of  phosphate  mixtures, 
12  UnpubUshed  experiments. 
"  Starkenstein,  E.:   Biochemische  Zeitschrift,  19 10,  xxiv,  p.  191. 
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glycogen  in  each  of  the  solutions  in  a  given  experiment  was  the  same. 
It  is  true  that  during  the  time  which  intervened  between  the  removal 
of  different  portions  of  hver — usually  only  a  few  minutes  (see  tables)  — 
some  glycogen  must  have  disappeared,  but  when  we  consider  that  in 
practically  all  of  the  experiments  an  amount  of  extract  was  used 
amounting  only  to  i  .o  gm.  moist  Hver,  it  is  evident  that  any  error 
thus  incurred  will  be  entirely  negHgible. 

To  express  the  amount  of  ferment  in  the  different  preparations  we 
have  given  the  percentage  amounts  of  glycogen  disappearing  in  equal 
periods  of  time.  Since  there  is  a  division  of  opinion  among  authors  ^* 
as  to  whether  the  concentration  of  diastatic  ferment  varies  directly 
with  the  amount  of  substrat  decomposed  or  according  to  the  law  of 
Schutz  and  Borrisow,  it  is  of  course  impossible  to  calculate  the  rela- 
tive amounts  of  ferment  in  two  preparations  showing  varying  activi- 
ties. On  the  other  hand,  if  equal  amounts  of  ferment  solutions  pro- 
duce the  same  percentile  glycogenolysis,  it  can  be  concluded  that  the 
same  amount  of  ferment  is  present  in  the  two. 

One  serious  difficulty  in  all  work  of  this  nature  is  the  measurement 
of  the  amount  of  ferment  preparation  employed  in  the  different  flasks. 
In  practically  all  the  experiments  we  have  weighed  i  gm.  of  the  dry 
liver  powder  and  ground  it  in  a  mortar  with  lo  c.c.  water.  Of  the 
resulting  emulsion,  2  c.c.  were  added  to  the  glycogen  solutions.  As  a 
criterion  of  the  actual  amount  of  Hver  substance  added  to  each  flask> 
we  have  used  the  percentage  of  nitrogen  in  the  ferment  preparations, 
and  we  have  calculated  the  percentile  glycogenolysis  in  terms  of  the 
same  amount  of  nitrogen.^'^  In  doing  this  we  are  aware  that  if  the 
amount  of  glycogen  decomposed  varies  as  the  square  root  of  the 
ferment  present  —  which  as  above  indicated  is  uncertain  —  we  are 
incurring  an  error  at  least  in  those  cases  in  which  there  is  an  appre- 
ciable difference  in  the  amount  of  nitrogen  in  the  different  prepara- 
tions. In  the  majority  of  our  experiments,  however,  the  ferment 
preparations  of  a  given  experiment  contained  practically  the  same 
amount  of  nitrogen,  so  that  there  can  be  no  very  great  error,  due  to 

"  Taylor:  On  fermentation,  Berkeley,  1907;  Henri,  cf.  Hans  Euler, 
Ergebnisse  der  Physiologic,  1910,  ix"  Jahrgang,  p.  270;  Brown  and  Glendin- 
ning:  Journal  of  the-  Chemical  Society,  1902,  Ixxxi,  p.  381;  Klempin:  Bio- 
chcmische  Zcitschrift,  1908,  x,  p.  206. 

"  Taylor,  A.  E.:  Journal  of  biological  chemistry,  190S,  v,  p.  315. 
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this  method  of  calculation.  The  only  exceptions  to  this  statement 
exist  in  the  case  of  Buchner  extracts  (see  p.  447) ;  although  prepared 
in  the  same  way,  these  often  varied  considerably  in  nitrogen  content. 

We  shall  first  of  all  consider  the  results  relating  to  the  ferment 
strength  of  Wiechowski  preparations  of  portions  of  liver  removed 
before,  during,  and  subsequent  to  stimulation  of  the  great  splanchnic 
nerve.  Along  with  these  we  shall  consider  the  behavior  of  the 
serum  from  the  blood  of  the  vena  cava  under  the  same  conditions. 

In  the  fourth  column  of  Table  I  are  given  the  percentage  amounts 
of  reducing  substance  in  the  blood  of  the  vena  cava  opposite  the  liver. ^^ 
Two  facts  of  importance  are  established  by  the  results:  i.  WTien  the 
animal  was  quietly  under  ether,  the  reducing  power  of  the  blood 
either  remained  practically  constant  (as  in  the  first  part  of  Experiments 
XXIV  and  XXV)  or  decreased  sKghtly  in  amount  (as  in  Nos.  XII  and 
XIV) .  In  a  total  of  seventeen  experiments  (including  those  in  the  above 
table)  in  which  the  reducing  power  of  the  blood  of  the  inferior  vena 
cava  was  estimated  at  intervals  of  about  thirty  minutes  apart  and 
during  which  there  was  no  nerve  stimulation,  ten  (60  per  cent)  showed 
a  sHght  decrease,  four  remained  constant  (23  per  cent)  and  three 
showed  a  shght  increase  (17  per  cent).  2.  When  the  splanchnic 
nerve  was  stimulated,  a  distinct  increase  in  reducing  power  occurred 
in  six  of  the  seven  experiments  in  which  this  was  done.  In  Experiment 
XVIII  no  increase  in  reducing  power  occurred  during  the  stimulation, 
and  it  is  noted  in  this  case  that  the  blood  pressure  was  very  slightly 
affected.  Although  the  electrodes  were  properly  applied  to  the  nerve, 
which  was  ascertained  by  autopsy,  there  cannot  have  been  adequate 
stimulation  of  the  nerve. 

The  fifth  column  shows  the  percentage  of  glycogen  which  dis- 
appeared when  I  c.c.  of  serum  was  incubated  with  10  c.c.  of  2  per 
cent  glycogen  in  isotonic  sodium  chloride  solution  for  periods  of  time 
varying  from  two  to  three  hours.  It  is  evident  that  the  glycogeno- 
lytic power  of  the  blood  was  not  affected  by  the  nerve  stimulation. 
The  only  exception  is  in  the  case  of  Experiment  XVIII,  where 
a  distinct  increase  in  glycogenolytic  power  was  noted  in  blood 
collected  thirty  minutes  after  the  removal  of  the  stimulus.  The 
slight  variations,  amounting   to  about  4 -per  cent,  observed  for  the 

'^  Waymouth  Reid  method. 
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TABLE  I. 
Percentile  Glycogexolysis  in  Blood  Serum  and  Liver  Preparation's  as  apfected 

BY    StIMULATTON  OF  THE  GREAT  SpLAN'CHXIC  NeR\'E. 


No.  of 
expt. 

Time. 

Experimental 
condition. 

Per  cent 

sugar  in 

blood. 

Glyco- 

genol'sis. 

Blood. 

Glycogeno- 
lysis. 
Liver. 

Remarks. 

2.45  p.  M. 
2.50  p.  M. 

Ether  anaes- 
thesia 

0.166 

28.8 

5  hrs.  incubation. 

XII    ■ 

3.00  p.  M. 

0.142 

3.25  p.  M. 

0.140 

•   •   • 

*  •  • 

3.55  p.  M. 

0.146 

4.00  p.  M. 

29.2 

- 

XIV  - 

2.30  p.  M. 

Ether  anaes- 

0!i65 

71.0 

5  hrs.  incubation. 

3.50  p.  M. 

thesia 

0.124 

75.0 

> 

10.50  A.  M. 

Ether  anses- 

0.136 

*  Not  in  terms  of 

10.55  A.  M. 

thesia 

77.7  * 

nitrogen.    8  hrs. 

11.03   A.M. 

Stim.ofgr't 

incubation. 

XVI 

11.10  A.M. 
11.14  A.M. 
11.26  A.M. 
11.30  A.M. 

■    splanchnic 
nerve 

o!i76 

0.184 

70.0 

77.0 

> 

2.40  p.  M. 
2.45  p.  M. 

Ether  an'sia 
Stim.ofgr't 

0.124 

72.8 

62.7 

Fed     meat     and 
bread.         Only 

XVIII 

2.50  p.  M. 

•    splanchnic 

73.7 

64.2 

small     rise     in 

2.52  P.M. 

nerve 

o!iio 

blood    pressure 

3.25  p.  M. 



0.144 

82.6 

on  stimulating. 

3.28  p.  M. 

.... 

64.2 

11.25   A.  M. 

Ether  anaes- 

0.130 

67.4 

Fed    bread   and 

11.27   A.M. 

thesia 

79.5 

meat,  ilarked 

11.30  A.M. 

'  Stun.ofgr't 

rise    in    blood 

xrx 

11.37   A.M. 

splanchnic 

.   .  . 

.  .  . 

72.1 

pressure. 

11.40  A.M. 

nerve 

0.176 

66.1 

•  >   » 

12.09  A.  M. 

.... 

0.148 

68.5 

12.11   A.M. 

.... 

79.8 

10.28  A.  M. 

Ether  anaes- 

0.199 

52.1 

Given  sugar  on 

10.30  A.  M. 

thesia 

■  •  ■ 

•  >  • 

24.1 

preceding  day. 

.  10.35  A.  M. 

Stim.ofgr't 

•  •  * 

•  •  • 

XX 

10.40  A.M. 

10.45  A.  M. 

11.15   A.  M. 
11.17    A.  M. 

splanchnic 
nerve 

0.265 
o!415 

50.7 
49.6 

24.1 

10.40   A.  M. 

Ether  anaes- 

Given sugar  on 

11.05   A.M. 

thesia 

0!l51 

40.8 

41.4 

preceding  day. 

XXI 

11.10  A.M. 
11.17   A.M. 
11.21    A.M. 
11.45   A.  M. 

Stim.ofgr't 
■    splanchnic 
nerve 

0.195 
0.168 

35.6 
46.3 

52.0 

10.19   A.M. 
10.21    A.M. 
10.40   A.  M. 

.... 

0.131 
0.121 

48.1  "44.9 

Given  sugar  on 
preceding  day. 

XXIV- 

1  10.42  A.  M. 
10.43  A.  M. 

10.50  A.  M. 

10.52  A.  M. 

1  Stim.ofgr't 
[    splanchnic 
J     nerve 

0.154 

46.1     '.'.'. 
53.3    51.1 

10.45  A.  M. 

.... 

11.10  A.M. 

.... 

0!l94 

76.7    70.0 

Given   sugar  on 

XXV 

11.40   A.M. 

11.44  .VM. 

11.49   A.M. 

1  Stim.ofgr't 
splanchnic 

0.213 
o!280 



preceding  day. 

11.51    A.M. 

J    nerve 

73.'l    71.4 
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others,  undoubtedly  indicate  the  experimental  error  involved  in  the 
method. 

In  the  sixth  column  is  given  the  percentile  glycogenolysis  in- 
duced by  incubating  2  c.c.  of  a  watery  emulsion  of  toluol-extracted 
liver  powder  with  10  c.c.  of  2  per  cent  glycogen  in  the  presence 
of  phosphate  mixture  and  an  isotonic  quantity  of  sodium  chloride. 
The  incubation  lasted  from  five  to  eight  hours.  In  the  absence  of 
any  nerve  stimulation,  a  variation  amounting  in  one  case  to  about  5 
per  cent  (Nos.  XII  and  XXIV)  was  observed  between  different  prep- 
arations of  the  same  Hver.  In  the  seven  experiments  in  which  the 
splanchnic  nerve  was  stimulated,  no  increase  in  ferment  strength  was 
observed  in  five  (Nos.  XVI,  XVIII,  XIX,  XX,  and  XXV);  but 
in  the  remaining  two  (XXI  and  XXIV)  a  distinct  increase  over  the 
normal  was  e\ddent  in  the  ferment  preparations  from  stimulated 
liver. 

Before  concluding  that  the  greater  glycogenolysis  in  these  two 
experiments  is  due  to  an  actual  increase  in  the  intracellular  glycogenase 
of  the  liver  cell,  several  possibiHties  have  to  be  borne  in  mind.  The 
first  of  these  is  an  unusually  large  experimental  error  in  the  incuba- 
tion experiments.  A  repetition  of  the  incubation  experiments  with 
other  portions  of  the  liver  powders,  however,  yielded  practically  the 
same  results,  as  the  duplicate  figures  given  in  the  table  show.  A  third 
repetition  of  the  incubation  experiments  with  liver  preparations  of 
the  same  experiments  that  had  merely  been  air-dried,  but  not  ex- 
tracted with  toluol,  also  yielded  corresponding  results. 

A  second  source  of  error  which  might  account  for  the  increase  in 
these  two  experiments  lies  in  the  fact  that  it  is  improbable  that  the 
blood  can  be  washed  out  from  all  the  portions  of  liver  to  an  equal 
degree  (see  p.  439).  Since  blood  contains  a  very  active  glycogenase  — 
much  more  so  than  Hver  tissue  —  a  small  trace  of  it  left  in  the  liver 
would  have  a  marked  effect  on  the  glycogenolytic  strength  of  the 
extract.  We  have  recognized  this  source  of  error  throughout  our 
work  and  have  tried  to  guard  against  it  by  washing  the  various  por- 
tions of  liver  to  an  equal  degree.  We  could  not  wash  the  specimens 
through  their  blood  vessels  because  they  were  too  small. 

A  third  condition  which  must  be  thought  of  is  unequal  post-mortem 
change  in  the  different  portions  of  liver,  for  it  is  known  that  a  dis- 
tinct increase  in  glycogenolytic  power  occurs  in  dead  liver. 
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The  indecisive  nature  of  these  results  made  it  necessary  for  us  to 
repeat  the  experiments  by  the  use  of  ferment  preparations  prepared 
in  different  ways.  The  several  unknown  possible  sources  of  fallacy 
involved  in  such  work  as  the  present  can  be  discounted  only  by  fre- 
quent repetition  by  the  use  of  different  methods,  and  since  we  con- 
sider the  question  —  is  there,  or  is  there  not,  an  increase  in  glycogenase 
in  the  liver  during  splanchnic  stimulation?  —  a  fundamental  one  for  our 
farther  progress,  we  have  devoted  more  extended  research  to  its  solution. 

In  the  first  place  it  might  be  possible  that  the  treatment  with  cold 
toluol  had  so  altered  the  ferment  as  to  make  it  appear  equal  in  amount 
in  the  majority  of  the  experiments.  In  other  words,  the  nerve  stimu- 
lation might  really  have  caused  an  increase  in  ferment  which  the 
treatment  with  toluol  had  rendered  undemonstrable. 

On  repetition  of  certain  of  the  above  experiments  with  unextracted 
liver  powder,  the  following  results  were  obtained:  In  Experiment  XX 
there  was  25.9  per  cent  glycogenolysis  before  stimulation  and  26.3  during 
it.  In  Experiment  XXI  there  was  46.4  per  cent  glycogenolysis  before 
stimulation  and  56.3  in  a  portion  of  liver  removed  twenty-three  min- 
utes after  it  was  discontinued.  In  Experiment  XXIV  the  duration  of 
incubation  in  the  case  of  the  non-extracted  preparations  was  shorter 
than  for  those  given  in  the  table,  and  gave  30.7  per  cent  glycogenolysis 
for  the  first  and  38  per  cent  for  the  second  portion  of  liver;  in  the 
portion  removed  during  splanchnic  stimulation  there  was  43.2  per 
cent  glycogenolysis.  In  Experiment  XXV  there  were  also  three  portions 
of  liver,  two  of  which  were  removed  before  and  one  during  stimula- 
tion. The  first  two  gave  73.8  and  74.3  per  cent  glycogenolysis  and 
the  third  75.5  per  cent.  It  is  seen  that  the  results  were  practically 
identical  with  those  recorded  in  Table  I.  They  show  us  further 
that  the  lipoid  substances  in  the  liver  do  not  influence  the  activities 
of  glycogenase. 

In  another  series  of  experiments  the  following  modifications  in  the 
above-described  procedure  were  introduced:  i.  Larger  portions  of 
liver  were  removed  so  that,  by  introducing  a  cannula  in  the  blood 
vessels,  they  could  be  washed  thoroughly  free  of  blood. 

2.  The  extracts  were  prepared  immediately  after  removal  of  the 
portions  of  liver,  either  by  thorough  maceration  with  fine  sand  and 
isotonic  saline  in  a  mortar  or  by  Buchner's  process. 
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3.  Instead  of  taking  one  specimen  of  each  preparation  and  incu- 
bating for  a  given  time,  three  specimens  of  each  were  taken  and  incu- 
bated for  variable  times.  This  was  done  to  see  whether  any  differences 
in  ferment  strength  might  not  reveal  themselves  during  the  earlier 
stages  of  the  glycogenolytic  process,  although  they  had  become 
masked  after  longer  action  of  the  ferment,  when  this  was  approaching 
completion.    The  results  are  tabulated  in  Table  II. 

TABLE   II. 

The   CoMPARAxn-E   Glycogenolytic  Powder  of  Extr.a.cts   of  Lh'er  prep.\red  in 
VARIOUS  Ways,  before  and  during  Stimulation  of  the  Splanchnic  Nerve. 


No.  of 
expt. 


XXXIV 


XXXV 


Time. 


Experimental 
condition. 


Mode  of  prepara- 
tion of  extract. 


10.30  a.  m.  I  Blood  and  liver  re- 
moved ^ 
Liver  removed 


xxxrx 


XL 


11.03  a.  m. 

11.05  A.M. 
11.26  A.  M. 
10.00  A.  M. 
10.40  A.  M. 
11.13  A.  M. 

11.18  a.m. 
11.25  a.  m. 
10.35  A.  M. 
10.45  A.  M. 
10.55  A.  M. 

10.30  A.  M. 

10.32  A.  M. 
10.45  A.  M. 


f  Stim.  of  great 
\  splanchnic  nerve 
I  Liver  removed 


Blood  removed  ^ 

Liver  removed 

f  Stim.  of  great 
\  splanchnic  nerve 
[  Liver  removed 

Liver  removed 

{ Stim.      of    great 
\      splanchnic  nerve 
[      Liver  removed 

Liver  removed 

f  Stim.  of  great 
\      splanchnic  nerve 


Air-dried  liver  pow- 
.    ders.  Liver  not 
perfused 


do. 


Liver  ground  thor- 
oughly in  mortar 
with,   sand   and 
water.  Liver  not 
perfused 


Buchner  extract  of 
Uver.  Liver  per- 
fused through 
vessels  with  iso- 
tomic  saUne 

Buchner  extract  of 
perfused  liver 

do. 


Percentile  glyco- 

genolysis  for 

enual  amounts 

of  nitrogen. 


67.0 
65.4 

65.7 


40.9 

40.1 
33.6' 


28.3 

90  min.  13.5 

180  min.  27.0 

420  min.  48.5 

90  min.  13.4 

180  min.  30.0 

420  min.  42.5 


1  Blood  serum  caused  same  amount  of  glycogenolysis  before  and  during  stimula- 
tion. 

2  Blood  serum  caused  same  amount  of  gl3xogenolysis  before  and  during  stimula- 
tion.    Fed  bread  and  meat. 

3  Not  in  same  terms  of  nitrogen,  but  according  to  volume  of  extract  used.     Fed 
bread  and  meat. 

*  Fed  bread  and  meat. 
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Apart  from  the  fact  that  the  results  of  these  four  experiments 
agree  with  the  majority  of  those  recorded  in  the  previous  table,  in 
showing  no  increase  in  ferment  in  liver  removed  during  splanchnic 
stimulation,  they  are  of  further  interest  because  in  two  of  them,  viz., 
Nos.  XXXIX  and  XL,  all  traces  of  blood  were  removed  from  the  pieces 
of  liver,  by  perfusion  through  the  blood  vessels  with  isotonic  sahne  solu- 
tion. It  has  already  been  suggested  that  the  increases  in  ferment 
strength  obtained  in  Experiments  XXI  and  XXIV  of  Table  I  in  portions 
of  liver  removed  during  splanchnic  stimulation  might  be  due  to  faulty 
removal  of  blood  by  the  less  thorough  method  employed  in  the  cases. 
The  results  recorded  in  Table  II  would  seem  to  confirm  this  view. 

Another  possible  source  of  fallacy  in  these  experiments  has  to  be 
considered,  namely,  a  development  of  ferment  as  a  result  of  the  death 
of  the  liver  cells.  We  have  shown  in  a  previous  volume  of  this  journal  ^^ 
that  a  moderately  rapid  disappearance  of  glycogen  sets  in  about  twenty 
minutes  after  death  and  then  proceeds  in  accordance  with  the  laws 
which  govern  a  monomolecular  reaction,  suggesting  therefore  that 
after  this  post-mortem  glycogenolysis  has  once  become  estabhshed, 
the  amount  of  ferment  remains  constant,  the  only  thing  to  change 
being  the  amount  of  unhydrolyzed  glycogen.  We  have  suggested, 
and  so  have  Pavy  and  Bywaters,^^  that  this  post-mortem  acceleration 
in  the  glycogenolytic  process  is  due  to  the  development  of  acids  in  the 
liver.  Since,  however,  it  is  only  a  surmise,  and  by  no  means  an  estab- 
lished fact,  that  there  is  no  actual  increase  in  glycogenase  in  the  hver 
after  death,  we  have  thought  it  well,  before  concluding  this  research, 
to  repeat  the  above  experiments  with  pieces  of  hver  washed  blood- 
free  by  ice-cold  saline,  so  as  to  prevent  any  post-mortem  change.  In 
the  event  that  a  post-mortem  production  of  glycogenase  did  occur,  it 
would  probably  be  equal  in  resting  and  stimulated  liver,  for  in  both 
cases  its  derivation  would  be  from  the  same  store  of  "mother"  sub- 
stance. In  such  a  case  it  is  evident  that  any  increase  in  active 
ferment  due  to  splanchnic  stimulation  would  be  masked  by  the 
post-mortem  process. 

After  etherizing  and  applying  the  electrodes  to  the  splanchnic 
nerve  a  ligature  was  tied  around  the  left  central  lobe  near  its  base 

^^  Macleod,  J.  J.  R.,  and  Pearce,  R.  G.:  This  journal,  igii,  xxvii,  p.  341. 
"  Pavy,  F.  W.,  and  Bywaters,  H.  W.:    Journal  of  physiology,  1910,  xli, 
p.  168. 
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and  the  lobe  cut  away  and  immediately  cooled  in  ice-cold  isotonic 
saline  solution.  A  suitable  cannula  was  then  inserted  in  the  various 
cut  veins  and  the  portion  of  Hver  washed  blood-free,  after  which  a 
Buchner  or  a  saHne  extract  was  prepared,  using  an  ice-cold  mortar 
so  as  to  prevent  any  rise  in  temperature.     The  incubation  periods 

TABLE  III. 

Percentile  Glycogexolysis  of  S.^lixe  axd  Buchner  Extracts  of  Resting 
AND  Stimulated  Livers,  prepared  at  Low  Temperatures. 


No.  of 
expt. 


LX 


lxiii 


LXIV 


Experimental 
condition. 


Ether 

anaesthesia 

Stimulation  of 
great  splanch- 
nic nerve 

Ether  anaesthe- 
sia 

Stimulation  of 
great  splanch- 
nic nerve 

Ether  anaesthe- 
sia 

Stimulation  of 
great  splanch- 
nic nerve 


Nature 
of  extract. 


Buchner 


Sahne 


Saline 


Per  cent 
nitrogen. 


1.10 


1.20 


1.22 


1.17 


Percentile  gty- 

cogenolysis  in 

incubation 

mixtures. 


[120 


210 
300 
120 
210 
300 

90 
180 
300 

90 
180 
300 

90 
180 
300 

90 
180 
300 


32.1 
49.2 
63.9 
31.8 
45.2 
59.0 
18.7 

61. '2 

25.6 

44.2 

61.0 

21.8 

42.77 

52.2 

20.1 

42.5 

51.7 


Remarks. 


Dog  fed  bread 

and  meat. 
No   phosphate 

added. 


Dog  star\-ed  two 
days  before  exp 

No  phosphate 
added. 


Dog    fed    bread 

and  meat. 
No       phosphate 

added. 


were  made  of  variable  durations  for  the  reason  already  explained  (see 
p.  417).  Phosphate  mixture  was  used  only  in  certain  of  the  specimens. 
The  results  recorded  in  Table  III  confirm  those  of  the  preceding 
tables  in  showing  no  increase  in  ferment  as  a  result  of  splanchnic 
stimulation. 


The  conclusion  which  is  warranted  by  the  results  of  the  experiments 
recorded  in  this  paper  is  that  increased  glycogenolytic  activity  in  the 
liver  is  not  due  to  an  increase  in  the  amount  of  glycogenase  in  the 
liver  cells.  By  exclusion  we  are  compelled  to  conclude  that  it  is  by 
an  adjustment  of  the  conditions  under  which  a  constant  amount  of 
glycogenase  is  acting  that  variations  in  glycogenolytic  activity  are 
brought  about.    It  is  not  our  intention  in  this  paper  to  enter  into 
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any  theoretical  discussion  of  the  possible  nature  of  these  changes. 
Several  possibilities  have  already  been  indicated  on  page  403.  In 
weighing  the  possibilities  one  fact  should  be  borne  in  mind,  namely, 
the  manner  in  which  glycogen  is  stored  within  the  protoplasm  of  the 
liver  cell.  It  is  supposed  by  certain  histologists  ^^  to  be  combined  with 
a  peculiar  form  of  sustentacular  or  holding  material  (Tragersubstanz) . 
If  this  be  the  case,  it  can  readily  be  imagined  that,  while  thus  deposited 
in  the  liver  cell,  the  glycogen  is  inaccessible  to  the  action  of  glycogenase, 
and  that  the  degree  to  which  it  can  be  set  free  is,  either  directly  or 
indirectly,  under  the  control  of  the  nervous  system.  WTienever  it  is 
set  free,  glycogenase  can  act  on  it.  Such  an  hypothesis  does  not  of 
course  specify  of  what  nature  the  holding  substance  may  be;  it  may 
be  some  substance  acting  as  an  antidiastase,  or  it  may  be  some  inert 
substance  which  by  uniting  with  the  glycogen  prevents  the  union  with 
it  of  the  glycogenase.  Suggestions  of  this  nature  have  been  made  by 
McGuigan  and  Brooks,^°  who  suppose  that  in  the  Kver  cell  glycogen 
is  in  combination  with  protein  and  must  become  dissociated  from  it 
before  it  can  be  hydrolyzed.  Certain  salts  such  as  those  of  calcium 
render  this  compound  more  stable  and  therefore  tend  to  prevent 
glycosuria;  others  encourage  the  destruction  and  therefore  excite 
glycosuria. 

E.  Frank  and  S.  Isaac  ^^  also  place  great  importance  on  the  fixation 
of  glycogen  with  some  constituent  of  the  liver  cell.  So  long  as  this 
union  .is  a  firm  one,  the  diastatic  ferment  is  incapable  of  attacking 
the  glycogen:  when  it  becomes  weakened  —  as  they  beheve  it  to  be 
during  a  certain  stage  of  phosphorus  poisoning  —  the  diastatic  fer- 
ment converts  the  glycogen  into  sugar. 


Conclusions. 

Stimulation  of  the  splanchnic  nerve  in  the  dog,  although  it  causes 
a  marked  increase  in  the  reducing  power  of  the  blood  of  the  vena  cava 
opposite  the  liver,  does  not  cause  any  increase  in  the  glycogenolytic 

"  Arnold:  Virchow,  Archiv  fiir  pathologische  Anatomic  vind  Physiologic, 
1908,  cxciii,  p.  174. 

"  McGuigan  and  Brooks:  This  journal,  1907,  x\'iii,  p.  256. 

"  Frank,  E.,  and  Isaac,  S.:  Archiv  fiir  experinientelle  Pathologic  und 
Pharmakologic,  191 1,  Ixiv,  pp.  274,  292. 
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power  of  extracts  of  liver  prepared  in  various  ways.  The  blood  issu- 
ing from  the  Hver  also  possesses  the  same  glycogenolytic  power  before 
and  during  stimulation  of  the  nerve. 

It  is  concluded,  that  modifications  in  the  glycogenolytic  activity 
of  the  liver  do  not  depend  on  changes  in  the  amount  of  glycogenase, 
but  on  changes  in  the  conditions  under  which  a  constant  amount  of 
this  ferment  is  acting. 


METABOLISM  OF  DEVELOPMENT.  —  III.  QUALITATIVE 
EFFECTS  OF  PREGNANCY  ON  THE  PROTEIN  METAB- 
OLISM OF  THE  DOG. 

By  JOHN  R.   MURLIN. 

[      [From  the  Physiological  Laboratories  of  the  University  and  Belleviie  Hospital  Medical 
College  and  oj  Cornell  University  Medical  College,  New  York  City.] 

PRACTICAL  as  well  as  theoretical  interest  in  the  metabolism 
of  pregnancy  has  grown  very  rapidly  during  the  past  few  years. 
Evidence  has  been  adduced  by  Massin/  Zweifel,-  Stone,^  Edgar,^ 
Ewing  and  Wolf/  and  others,  that  some  of  the  worst  forms  of  the 
toxemia  of  pregnancy,  including  eclampsia,  are  due  to  functional 
disturbances  in  those  organs  which  are  responsible  for  the  metaboHsm 
of  the  protein  substances;  and  a  considerable  expectancy  has  been 
created  that  detailed  urinary  analyses  for  the  protein  end-products 
would  enable  the  obstetrician  to  detect,  and  therefore  possibly  to 
avert,  these  maladies.^ 

Unquahfied  acceptance  of  these  findings  as  indicative  of  the  degree 
of  abnormality,  however,  waits  upon  more  perfect  knowledge  of  the 
metabolism  of  normal  pregnancy.  Some  of  the  observers  above- 
mentioned,  notably  Massin  and  Ewing,  the  former  proceeding  from 
his  experience  with  the  Eck  fistula,^  the  latter  from  his  knowledge  of 
the  pathological  anatomy  of  the  "liver  of  pregnancy,"  beheve  that 

^  Massin:  Centralblatt  fiir  Gynaekologie,  1895,  p.  1105. 

2  Zweifel:   Archiv  fiir  Gynaekologie,  1904,  Ixxii,  p.  i. 

'  Stone:   New  York  medical  record,  1905,  Ixviii,  p.  295. 

*  Edgar:  New  York  medical  journal,  1906,  Ixxxiii,  pp.  897,  956. 

^  Ewing  and  Wolf:  American  journal  of  obstetrics,  1907,  Iv,  p.  289. 

"  For  a  complete  review  of  the  literature  leading  up  to  this  view,  cf.  E^^^;NG: 
American  journal  of  the  medical  sciences,  1910,  cxxxix,  p.  828. 

^  "Die  schwangcre  Frau  gerade  wie  ein  Thier  mit  Ecksche  Fistel,  durch  die 
herabgesetzte  oxydation  in  einen  Zustand  des  Autointoxication  versetzt  sei," 
from  the  Proceedings  of  the  Society  for  Obstetrics  and  Gynecology  of  St.  Peters- 
burg, meeting  for  February  18,  1899,  quoted  by  Scilrader,  Loc.  cii. 
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normal  pregnancy  produces  changes  (in  the  liver  especially)  "diffi- 
cult to  separate  from  the  pathological."  ^  They  are  therefore  dis- 
posed to  look  upon  departures  from  non-pregnancy  standards  in  the 
output  of  nitrogenous  substances  in  the  urine  of  normally  pregnant 
women  as  expressions  of  a  functional  derangement.  But  is  this 
necessarily  the  case?  May  not  such  changes  in  the  urinary  output 
of  nitrogenous  substances  be  accounted  for  by  perfectly  physiological 
conditions  of  fetal  growth?  If  so,  they  cannot  without  further  evi- 
dence of  a  pathological  process,  be  cited  as  proof  of  a  functional 
derangement. 


^to"- 


Possible  Alterations  in  the  Urine  of  Pregnancy. 

Normal  pregnancy  has  been  charged  with  producing  three  different 
sorts  of  alterations  in  the  metabohc  processes,  namely: 

I.  Deficient  power  of  oxidation. —  {a)  Based  on  low  urea.  (Massin,^ 
Whitney  and  Clapp,^*'  Edgar.^^)  Zacharjewsky  ^-  and  Schrader  ^^  did 
not  find  the  urea  nitrogen  in  normal  pregnancy  lower  than  the  per- 
centages accepted  by  them  as  "normal." 

{b)  Based  on  high  unoxidized  sulphur.  —  (Harnack,^^  Schrader,^^ 
and  Hofistrom.^^)     Bar  ^^  found  the  unoxidized  or  neutral  sulphur 

*  Cf.  opening  sentence  of  Ewing's  address  before  the  Pathological  Society  of 
Philadelphia,  American  journal  of  the  medical  sciences,  loc.  cit. 

*  Massin:  Loc.  cit.  Massin  quotes  analyses  by  Poehl  (method  not  given), 
made  probably  in  1892  or  1893,  which  show  a  lower  percentage  of  urea  in  the 
urine  of  normal  pregnancy.     Russian  literature  cited  in  the  Centralblatt  article. 

^^  Whitney  and  Clapp:  American  gynecology,  1903,  iii,  p.  i.  Their  urea 
precipitates  "included  allantoin,  oxaluric  acid,  part  of  the  creatinin  and  oxypro- 
teic  acid."    The  total  fraction,  however,  was  reduced  in  normal  pregnancy. 

"  Edgar:   Loc.  cit.   Analyses  made  by  Wolf,  using  Folin's  method. 

^2  Zacharjewsky:  Zeitschrift  fiir  Biologic,  1894,  xxx,  p.  368,  using  Liebig's 
method. 

1'  Schrader:  Archiv  fiir  Gynaekologie,  1900,  Lx,  p.  534,  using  the  hypobromite 
method. 

"  Harnack:   quoted  by  Schrader,  Loc.  cit. 

^'  Schrader:  using  soda  and  saltpetre  fusion  method  for  total  sulphur  and 
Salkowski's  method  for  sulphate  sulphur. 

^^  Hoffstrom:  Skandanavisches  Archiv  fiir  Physiologic,  1910,  xxiii,  p. 3 26, 
using  Folin's  methods. 

^^  Bar:  Lemons  de  pathologic  obstetrical,  Paris,  1907,  p.  556. 
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increased  in  case  of  one  dog  but  diminished  in  another.  In  women  he 
found  the  neutral  sulphur  quite  within  normal  hmits  even  in  the  last 
days  of  pregnancy. 

2.  Diminished  power  of  deamination. —  (Ewing  and  Wolf,^^  and  Van 
Hoogenhuyze  and  ten  Doeschate.^^) 

Ewing  and  Wolf,  in  describing  their  results  on  normal  women,  say: 
"Comparing  these  results  with  our  own  on  healthy  men  and  women 
and  with  Folin's  analyses  of  normal  urines,  the  results  indicate  that 
in  the  great  majority  of  cases  pregnancy  tends  to  disturb  metabolism, 
lowering  the  percentage  of  urea  nitrogen  and  increasing  the  unde- 
termined or  amino  acid  nitrogen  and  to  a  less  extent  the  ammonia."  ^° 
They  recognize  the  fact  that  these  changes  according  to  more  modern 
conceptions  do  not  necessarily  depend  upon  a  diminished  power  of 
oxidation,  and  therefore  propose  the  explanation  of  a  diminished 
power  of  deamination.  "In  the  breaking  down  of  protein  materials 
during  metaboHsm  the  step  following  the  conversion  of  the  albumins 
to  simpler  compounds,  the  pol}'peptids  and  the  amino  acids,  is  the 
removal  of  the  amino  group  to  form  non-nitrogenous  compounds, 
and  ammonia.  If  the  amino  group  is  not  spHt  off,  the  amino  acids 
remain.  If  they  are  excreted  in  the  urine,  as  the  rise  in  the  undeter- 
mined nitrogen  and  the  finding  of  the  individual  amino  acids  in  a 
large  series  of  disorders  indicate,  it  seems  probable  that  these  dis- 
orders are  connected  with  this  deficiency  in  the  organism  to  remove 
the  amino  group  and  so  convert  it  eventually  into  ammonia  and 
urea."  ^^    The  Dutch  observers  adopt  the  same  explanation. 

3.  Diminished    power    of    dehydration Van    Hoogenhuyze    and     ten 

Doeschate  offer  this  explanation  for  the  appearance  of  creatin  in 
the  urine  of  normally  pregnant  women  who  were  kept  on  a  creatin- 
free  food. 

*^  Ewing  and  Wolf:  Loc.  cit.    In  six  cases  described  as  "without  sjinptoms." 

"  Van  Hoogenhuyze  and  ten  Doeschate  :  Annales  de  gynecologie  et  d  'ob- 
stetrique,  1911,  xxxviii,  p.  17  and  p.  97  (in  a  single  primipara),  using  Folin's 
methods.  In  two  other  cases  described  as  normal  they  found  figures  which  were 
approximately  "normal"  {"environs  des  chi fires  normaux  "). 

-"  American  journal  of  obstetrics,  1907,  Iv,  p.  292. 

2'  Idem,  p.  307. 
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General  Criticism  of  the  Evidence. 

Reproduction  by  the  viviparous  method  is  thus  placed  under  a 
mild  sort  of  indictment  on  three  different  counts.  The  implication 
is  that  nature  has  adopted  a  method  which  per  se  is  bad,  sexual  dimor- 
phism among  mammals  having  proved  grossly  unfair  to  the  maternal 
parent,  because  it  imposes  conditions  which  are  unphysiological. 

In  answer  to  this  it  might  be  said  in  the  first  place,  without  resort- 
ing to  a  teleological  argument,  .that  there  is  a  strong  antecedent  pre- 
sumption against  the  truthfulness  of  such  a  charge.  Considered  as  a 
general  process  to  which  nature  has  adhered,  not  for  men  alone  but 
for  all  mammals,  these  millions  of  years,  one  would  think  that  any 
serious  defect  in  the  method,  as  fundamental  as  a  disturbance  to  the 
process  of  oxidation  or  deamination  or  dehydration  would  be,  would 
long  since  have  been  eliminated  or  corrected  by  adaptation.  For,  if 
the  defect  were  of  recent  origin  only,  the  probabiHty  would  be  that  it 
should  be  ascribed  to  the  unhygiem'c  conditions  of  modern  life  rather 
than  to  the  method  of  reproduction  itself. 

But,  in  the  second  place,  the  evidence  is  partly  bad  and  partly 
capable  of  another  interpretation.  The  analyses  which  were  made 
before  the  invention  of  the  newer  methods  for  the  determination  of 
urea,  ammonia,  etc.,  are  not  trustworthy  so  far  as  absolute  figures  are 
concerned.  We  know  that  the  Liebig  method  brought  down  various 
other  m'trogenous  constituents  than  urea,  and  we  know  that  Sal- 
kowski's  method  for  the  determination  of  the  oxidized  or  sulphate 
sulphur,  until  its  improvement  by  Fonn,^^  gave  very  variable  results, 
most  of  which  were  too  low,  leaving  therefore  too  much  sulphur  to 
be  classed  as  unoxidized  or  neutral.  Nevertheless  these  methods 
might  still  have  been  used  to  reveal  a  difference  in  composition  be- 
tween urines  from  pregnant  and  non-pregnant  subjects,  if  the  other 
conditions  had  been  carefully  controlled.  Here  is  the  main  difficulty 
even  where  modern  and  reliable  methods  have  been  used:  Not  one 
of  the  observers  who  report  a  smaller  percentage  of  urea  in  the  urine 
of  normally  pregnant  women  knew  at  the  time  how  much  nitrogen 
his  subject  was  ingesting  in  the  foods.  Bar  is  the  only  investigator 
who  has  hitherto  reported  such  determinations  in  the  urine  of  dogs. 
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He  knew  the  nitrogen  intake  and  the  nitrogen  balance.  That  he  did 
not  recognize  the  true  significance  of  the  urinary  changes  must  be 
ascribed  to  the  fact  that  he  was  not  abreast  of  current  thought  as  to 
the  difference  between  exogenous  and  endogenous  metabohsm.  If  a 
nitrogen  balance  had  been  kept  on  their  pregnant  subjects,  it  cer- 
tainly would  have  been  apparent  to  Ewing  and  Wolf,^  and  probably 
to  other  investigators,  that  the  lowest  percentage  of  urea  nitrogen  occurs 
simultaneously  with  the  greatest  nitrogen  retention.  To  take  a  concrete 
instance:  In  Ewing  and  Wolf's  normal  case  three  on  August  6th, 
twenty-four  days  before  delivery,  there  were  7.36  gm.  nitrogen  in 
the  urine,  66.7  per  cent  of  which  was  urea  nitrogen,  while  on  Novem- 
ber ist,  two  months  after  delivery,  there  were  11.96  gm.,  of  which 
80.3  per  cent  was  urea-N.  //  is  possible  that  the  woman  ate  approxi- 
mately the  same  amount  of  nitrogen  on  those  two  days,  say  13  gm. 
On  the  later  date,  if  she  were  not  nursing  the  child,  which  is  probably 
the  case,  judging  merely  from  the  percentage  of  urea-nitrogen  in  the 
urine,  she  would  have  been  in  m'trogen  equihbrium.  On  the  earlier 
date  it  is  likely  that  she  was  retaining  considerable  nitrogen  — 
possibly  as  much  as  4  or  5  gm.  daily ,^^  so  that  the  7.36  gm.,  or  so 
much  of  it  as  came  from  the  food,  represented  simply  what  was  left 
over  after  the  fetus  had  taken  its  quotum.  The  difference  in  percentage 
of  urea  on  the  two  days,  in  the  writer's  opinion,  is  to  be  ascribed  to 
the  fact  that  on  the  former  date  a  portion  of  the  food  nitrogen  which 
ordinarily  appears  in  the  urine  as  urea  was  anabohzed  on  behalf  of 
the  fetus,  while  on  the  latter  date  (after  parturition  and  after  involu- 
tion) it  was  all,  or  mainly,  katabolized  by  the  subject's  own  body. 
The  same  might  be  said  also  of  their  case  four,  where  the  amount  of 
nitrogen  excreted  on  the  eleventh  day  before  labor  was  7.99  gm.,  of 
which  53.9  per  cent  was  urea  nitrogen,  while  on  the  eighteenth  day 
after  labor  it  was  12.84  gni.,  of  which  85.2  per  cent  was  urea  nitrogen. 
In  case  three  the  only  dift'erence  of  any  consequence  so  far  as  absolute 

"^  Ewing  and  Wolf  appreciated  this  lack  of  knowledge,  as  is  evident  from 
the  following:  "In  the  interpretation  of  analyses  we  must  eventually  take  into 
consideration  the  effect  of  this  nitrogen  retention  on  the  partition.  This  is  one 
of  the  chief  factors  which,  owing  to  defective  knowledge  of  the  metabohsm  of 
normal  cases,  we  are  as  yet  unable  to  estimate."  —  American  journal  of  obstet- 
rics, 1907, Iv,  p.  293. 

-■•  Cy.  Zacharjewsky's  figures  and  those  of  Slemons  (Johns  Hopkins  Hospital 
Report,  1904,  xii,  p.  iii),  also  those  of  Hoffstrom,  Loc.  cit. 
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quantities  are  concerned  is  in  the  urea  nitrogen.  The  other  fractions, 
especially  those  which  represent  the  endogenous  metabolism,  are 
practically  the  same  before  labor  as  after.  In  case  four  the  endogenous 
fractions  are  sHghtly  higher  in  absolute  figures  on  the  pregnant  day, 
as  we  should  expect  them  to  be,  on  account  of  the  greater  tissue 
acti\dty. 

What  has  been  said  of  Emng  and  Wolf's  figures  with  regard  to 
urea  nitrogen  applies  with  equal  force  to  those  of  other  writers.  There 
can  be  no  doubt  of  the  fact  that  there  is  a  smaller  percentage  of  urea 
in  the  urine  of  pregnancy,  especially  in  the  last  two  or  three  months. 
This  has  been  noted  by  every  observer  who  has  made  urea  determina- 
tions except  Schrader  and  Zacharjewsky,  and  their  failure  to  confirm 
it  was  probably  due  to  faulty  methods.  Occasionally,  as  in  some  of 
Edgar's  cases,  the  percentage  of  urea  is  quite  as  high  as  normal.  But 
we  know  that  it  is  not  unusual  to  find  days  even  in  the  last  weeks  of 
pregnancy  when  a  balance  between  the  intake  and  output  of  nitrogen 
for  the  twenty-four  hours  shows  no  nitrogen  retention.^^  It  is  quite 
possible  that  the  days  of  high  urea  were  days  of  low  retention.  In 
fact,  if  the  ideas  as  to  the  difference  between  exogenous  and  endogenous 
metabolism  introduced  by  FoHn  are  correct,  a  high  retention  of  nitro- 
gen could  not  fail  to  produce  a  relatively  low  percentage  of  urea 
nitrogen,  and  vice  versa.-^ 

But  such  fluctuations  would  not  denote  fluctuations  in  the  oxida- 
tive capacity  of  the  organism,  even  if  urea  were  formed  exclusively 
by  a  process  of  oxidation.  Neither  would  they  denote  fluctuations 
in  the  power  of  deamination  of  exogenous  protein.  If  this  were  the 
case  there  would  be  an  absolute  swelHng  of  the  undetermined  or  rest 
nitrogen  with  every  absolute  shrinkage  of  the  urea  nitrogen  and  vice 
versa;  that  is,  if  the  food  contained  the  same  quantity  of  nitrogen. 
Unfortunately  we  do  not  know  how  much  nitrogen  the  food  contained 
in  any  of  the  reported  normal  cases  where  urea  was  determined;  but 

25  Cf.  Zacharjewsky's  tables,  also  those  of  Slemons,  Loc.  cit. 

26  This  relationship  is  exemplified  in  the  period  of  recovery  following  a  fast- 
ing period  in  the  work  of  Howe,  Mattill  and  Hawk  (Journal  of  the  American 
Chemical  Society,  191 1,  xxxiii,  p.  568)  and  in  the  work  of  Cathcart  (Biochemische 
Zeitschrift,  1907,  vi,  p.  109).  It  would  appear  also  from  Cathcart's  tables  that 
the  nitrogen  held  back  by  the  use  of  starch  and  cream  diet  was  mainly  urea  and 
ammonia  nitrogen  potentially,  and  the  sulphur  held  back  was  mainly  sulphur 
which  in  complete  inanition  was  oxidized. 
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at  all  events  there  is  no  satisfactory  evidence  that  the  nitrogen  which 
failed  to  appear  as  urea  did  appear  as  undeaminized  nitrogen.  In 
most  instances  where  the  undetermined  nitrogen  is  higher,  it  is  only 
relatively  so,  and  this  relative  increase  is  shared  by  the  ammonia, 
creatinin,  and  uric  acid  m'trOgen.  In  conclusion  of  this  matter  for  the 
present  it  must  be  noted  that  one  cannot  judge  the  power  of  the 
organism  to  deaminize  the  protein  cleavage  products  without  know- 
ing how  much  protein  has  a  chance  of  being  deaminized.  In  preg- 
nancy the  fetus  draws  its  supply  of  protein  from  the  blood  plasma,  and 
when  this  depleted  plasma  passes  through  the  intestinal  wall  it  may 
be  supposed  to  cause  there  and  then,  if  protein  cleavage  products 
(not  necessarily  amino  acids,  but  polypeptids  as  well)  are  available, 
a  resynthesis  which  makes  good  the  depletion.^^  Such  protein  never 
would  have  a  chance  of  being  deaminized,  for  its  nitrogen  would 
never  be  split  off  as  ammonia,  and  consequently  the  ammonia  as 
carbonate  or  carbamate  would  not  be  hydrolyzed  to  urea. 

The  evidence  of  diminished  oxidation  is  no  better  when  we  consider 
the  unoxidized  or  neutral  sulphur  in  proportion  to  the  total  sulphur. 
Folin  ^^  classed  the  inorganic  sulphate  sulphur  as  belonging  to  the 
exogenous  metabolism;  that  is,  it  varies  in  absolute  amount  with  the 
total  amount  of  nitrogen  (and  sulphur)  in  the  food  and  therefore  in 
the  urine.  It  is  mainly  this  sulphur,  therefore,  which  would  be  held 
back  from  the  food  to  make  good  any  deficiency  such  as  that  caused 
by  the  fetus,  and  we  should  expect  to  find  it  present  in  lower  absolute, 
and  lower  relative  amount,  especially  in  the  latter  part  of  the  preg- 
nancy. That  this  is  the  case  is  shown  in  the  excellent  work  of  Hoff- 
strom.2^  This  author  followed  the  sulphur  metabolism  from  the 
seventeenth  week  to  the  end  of  pregnancy  in  his  single  subject.  He 
determined  the  oxidized  sulphur,  including  both  the  inorganic-sulphate 
sulphur  and  the  ethereal  sulphate  sulphur  by  the  Folin  method  ^^ 

^^  Cf.  Abderhalden  and  Samuely:  Zeitschrift  fiir  physiologische  Chemie, 
1905,  xlvi,  p.  193. 

2^  Folin:  This  journal,  1905,  xiii,  pp.  66,  117. 

2'  Hoffstrom:  Loc.  cit. 

'"  Loc.  cit.  p.  375.  It  is  not  clear,  however,  from  Hoffstrom's  description  of 
his  method  {Loc  cit.,  p.  347)  that  the  oxidized  sulphur  includes  anything  more  than 
the  inorganic-sulphate  sulphur:  "das  oxydierte  S  (war)  so  bestimmt  dass  der 
Ham  (50  c.c.)  nach  Ansauerung  mit  Salzsaure  mit  Barium  chlorid  ausgcfallt 
wurde." 
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and  the  total  sulphur  by  the  sodium  peroxide  method.  The  average 
percentage  of  the  neutral  sulphur  for  this  long  period  was  33.4  per 
cent  of  the  total.  Hoffstrom  compares  this  figure  with  that  given  by 
Van  Noorden  (14  to  20  per  cent)  as  normal,  and  concludes  that  "the 
pregnant  organism  is  unable  to  completely  oxidize  the  products  of 
disassimilation."  His  table,  however,  shows  no  absolute  increase 
in  the  quantity  of  unoxidized  sulphur  as  pregnancy  advances.  The 
relative  increase  is  due  solely  to  the  relative  decrease  in  the  amount 
of  oxidized  sulphur.  Since  Hoffstrom  had  determined  the  sulphur 
balance  also  and  his  curve  shows  in  general  a  greater  retention  of 
this  element  where  the  oxidized  sulphur  in  the  urine  is  least,  it  is 
strange  that  he  should  have  rejected  this  obvious  explanation  of  the 
high  neutral  sulphur,  as  he  deliberately  does,  for  the  old  idea  of  dimin- 
ished power  of  oxidation.  If,  as  seems  possible,  Hoffstrom's  "oxi- 
dized sulphur"  really  included  only  the  inorganic-sulphate  sulphur  (see 
note  30),  his  figure  of  33.4  per  cent  would  include  both  neutral 
and  ethereal  sulphur,  and  this  would  not  be  much  beyond  "normal" 
limits.  As  a  matter  of  fact  perfectly  normal  figures  for  the  neutral 
or  unoxidized  sulphur  have  been  frequently  found.  In  several  of 
Schrader's  cases  the  percentage  was  well  within  the  hmits  given  by 
Van  Noorden  and  some  were  considerably  below.^^  Bar  ^-  found  only 
9.05  per  cent  as  an  average  for  some  six  or  eight  cases.  Such  figures 
would  mean  that  unoxidized  sulphur  is  retained  in  greater  quantity 
than  the  oxidized  sulphur. 

This  is  the  whole  case  for  diminished  oxidation.  There  is  no  collat- 
eral evidence.  Observations  by  Carpenter  and  Murlin  ^^  on  the 
total  absorption  of  oxygen,  and  the  total  energy  production  in  three 
normal  cases  of  pregnancy  have  shown  that  the  total  oxidation  in 
the  last  weeks  of  pregnancy  was  shghtly  higher,  measured  per  unit  of 
weight,  than  was  the  average  for  eight  women  in  complete  sexual 
rest.  The  figures  of  Bar  (on  women)  above  cited  and  some  of  those 
of  Schrader  seem  also  to  bear  out  the  idea  that  oxidation  instead  of 
being  lower  is  really  higher  in  pregnancy. 

The  third  point,  namely,  that  of  diminished  power  of  dehydration, 
we  shall  return  to  later. 

81  Schrader:  Loc.  cit. 

^2  Bar:  Loc.  cit.,  p.  556. 

^  Carpenter  and  Murlin:  Archives  of  internal  medicine,  191 1,  vii,  p.  184. 
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Author's  Experiments. 

Positive  support  for  the  explanation  of  the  uunary  alterations  in 
normal  pregnancy  suggested  above  can  only  be  had  from  experiments 
in  which  the  nitrogen  intake  is  known;  and  the  evidence  will  be 
convincing  only  if  the  same  subject  is  used  and  if  the  intake  of  nitro- 
gen is  the  same,  or  nearly  so,  in  the  pregnant  as  in  the  non-pregnant 
condition. 

Since  the  question  involved  is  a  broad  biological  one,  the  evidence 
should  be  obtained  from  other  mammalian  species  as  well  as  man. 
The  kinds  of  materials  required  for  development  of  the  fetus  must  be 
very  nearly  the  same  in  all  mammah'an  species,  and  the  quantities 
required,  considered  in  relation  to  the  mass  of  the  mother's  body 
are  not  so  widely  different,  in  the  different  domestic  species  at  least, 
as  might  be  expected,  especially  when  the  entire  birth  is  considered.^^ 

The  observations  on  dogs  about  to  be  reported  have  been  made 
in  the  course  of  the  past  three  years.  Three  of  the  experiments  (I,  IV, 
and  V)  were  planned  for  the  purpose  of  following  the  nitrogen  balance 
in  pregnancy  and  menstruation  and  have  been  partiall}^  reported  as 
Experiments  I,  II,  and  III  in  the  second  paper  of  this  series.^^  Ex- 
periments I  and  II  of  this  paper  were  also  the  basis  of  the  observations 
on  the  energy  metabolism  of  pregnancy  reported  in  the  first  paper  of 
the  series.^*^  Experiments  I,  II,  and  V  were  made  on  the  same  dog; 
III  on  a  second,  and  IV  on  a  third. 

The  protocols  will  not  be  repeated  here  in  detail.  Any  one  wishing 
further  information  will  find  it  in  the  preceding  papers.  The  follow- 
ing facts,  however,  will  be  necessary  to  an  understanding  of  the  tables, 
which  are  numbered  in  the  same  order  as  the  experiments. 

Experiment  I.  Dog  A.  First  Pregnancy.  —  Copulation  on  April  22,  190S. 
A  single  puppy  was  born  on  June  26th.  Detailed  analyses  were  made 
only  on  the  last  two  days  of  each  week,  when  the  dog  was  in  the  res- 
piration apparatus  (see  Experiment  I  of  paper  I).  Food  during  the  last 
five  weeks  consisted  of  beef  heart,  crackermeal,  lard,  bone  ash,  and 
salt,  and  contained  8.9  gm.  of  N  and  902  calories  of  energy. 

'^  Cf.  Rubner:   Archiv  fiir  Hygiene,  1908,  Ixvi,  p.  127. 
^^  IMurlin:   This  journal,  1910,  xxvii,  p.  177. 
^^  Murlin:  Ibid.,  xxvi,  p.  134. 
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Experiment  II.  Dog  A .  Second  Pregnancy.  —  Copulation  on  October 
10,  II,  and  12,  1908.  Five  puppies  born  on  December  14th.  Food 
during  the  early  part  of  the  experiment  was  creatin-free,  con- 
sisting of  50  gm.  plasmon,  40  gm.  lard,  60  gm.  cane  sugar,  5  gm.  bone 
ash  and  2  gm.  of  salt  and  containing  6.0  gm.  N  and  800  cal.  From 
November  7  th  to  the  end  of  the  experiment  (with  the  exception  of  a 
few  days  in  the  Vllth  week  of  pregnancy  when  the  creatin-free  diet 
was  given)  the  food  was  as  nearly  as  possible  the  same  as  in  Experi- 
ment I.  The  urine  was  saved  for  analysis  only  on  the  days  mentioned 
in  the  table.  Care  was  taken,  however,  to  save  no  urines  immediately 
after  a  change  in  the  diet. 

Experiment  III.  Dog  B.  —  This  dog  was  a  pet  borrowed  for  the  purpose 
of  the  experiment.  Observations  were  made  only  at  the  beginning 
and  the  end  of  the  pregnancy.  The  dog  was  brought  into  the  labora- 
tory a  few  days  previous  to  copulation,  which  occurred  on  October 
6  and  7,  1908,  and  was  placed  on  a  creatin-free  food  similar  in 
all  respects  to  that  given  above  for  Experiment  II,  but  containing 
5.95  gm.  N  and  950  cal.  The  dog  was  dismissed  on  October  15th, 
but  was  returned  to  the  laboratory  on  November  28th,  when  the 
original  diet  was  resumed.  Parturition  occurred  December  3d,  eight 
puppies  being  born  on  the  57th  day  of  gestation.  The  urine  was 
collected  only  on  the  days  mentioned  in  Table  III. 

Experiment  IV.  Dog  C.^''  —  Copulation  on  February  1,2,  and  3,  1909. 
Four  puppies  born  on  April  4th.  Food,  same  in  general  character 
as  in  Experiment  I,  but  contained  8.0  gm.  N  and  993  cal.  Urine  col- 
lected in  weekly  periods.  (For  further  details  see  Experiment  II  of 
paper  II.) 

Experiment  V.  Dog  A .  Third  Pregnancy.  —  The  object  of  this  experiment 
was  to  compare  the  metabolism  of  entire  sexual  rest  with  that  of  men- 
struation and  early  pregnancy.  Copulation  occurred  on  April  23, 
1909.  Four  puppies  were  born  on  June  26th.  (Compare  dates  of 
first  pregnancy  the  previous  year).  Diet  throughout  exactly  the  same 
as  in  the  last  five  weeks  of  the  preceding  pregnancies.  Urine  collected  in 
weekly  periods.     (Experiment  III,  II  paper.) 

Plan  and  Scope. 

When  the  work  was  begun,  it  was  planned  to  make  the  analyses 
of  both  urines  and  feces  as  complete  as  possible  all  the  way  through 
the  pregnancy  and  to  compare  these  results  with  others  obtained 

3^  This  was  Dog  B  of  the  second  paper. 
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from  the  same  dogs  kept  on  the  identical  diets  when  not  pregnant. 
This  ideal  has  been  only  partially  realized.  In  the  first  experiment 
the  total  P2O5  and  the  total  CI  ^®  were  determined,  but  in  the  later 
experiments,  partly  for  want  of  time  and  partly  because  these  latter 
constituents  were  evidently  not  so  important  for  the  pu;-pose  of 
testing  the  qualitative  effects  of  pregnancy,  the  analyses  were  limited 
to  the  nitrogen  and  sulphur  fractions,  or,  as  in  Experiment  III,  to 
the  nitrogens  alone. 

All  the  analyses  were  made  while  the  urines  were  fresh  or  within  a 
few  weeks  of  their  collection,  toluol  or  thymol-chloroform  and  refriger- 
ation being  used  meantime  to  insure  their  preservation.  Pubhcation 
has  been  delayed  purposely  to  make  the  series  more  complete  by 
observations  on  other  dogs  fed  in  different  ways.  Several  recent 
attempts  to  induce  dogs  to  breed  in  the  laboratory  having,  however, 
proved  unsuccessful,  and  the  work  already  accompHshed  having 
furnished  positive  evidence  on  a  number  of  points,  it  seems  undesir- 
able to  delay  the  report  further. 

Methods. 

The  methods  used  were  as  follows:  Total  nitrogen  by  Kjeldahl 
method,  using  Folin's  copper  sulphate  and  potassium  sulphate  mix- 
ture as  catalyzer;  urea  by  Folin's  method,  a  few  by  Morner-Sjok\^^[st 
method  for  comparison;  ammonia  by  Shaffer's  method  in  Experiment 
I,  in  all  the  others  by  Folin's  method;  creatin  and  creatinin  by  the 
colorimeter  method  of  Folin;  total  sulphur  by  Osborne's  sodium 
peroxide  method;  inorganic  and  ethereal  sulphate  by  Folin's  methods; 
total  PlOs  by  uranyl-acetate  method  and  chlorides  by  Volhard's 
method.  Tests  for  albumin  were  regularly  made  by  means  of  the 
acetic  acid-potassium  ferrocyanide  method  and  for  indican  by  use  of 
Obermyer's  method. 

Results. 

The  first  experiment  of  this  series  was  almost  ideal,  at  least  for 
several  weeks,  so  far  as  the  control  of  external  conditions  was  con- 
cerned. Not  only  was  the  quantity  and  the  quality  of  the  food  exactly 
the  same  every  day  from  the  beginning  of  the  fifth  week  to  the  end, 

"  The  writer  is  indebted  to  Dr.  A.  C.  Reed  for  many  of  the  analyses  in  this 
first  experiment. 
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and  not  only  was  the  dog  kept  in  the  same  cage,  permitting  thus 
about  the  same  amount  of  muscular  exercise  from  day  to  day,  but  for 
four  weeks,  the  fifth  to  eighth  inclusive,  it  happened  that  the  cage  was 
exposed  to  the  same  temperature  (within  less  than  2°  C.)  on  the  days 
when  the  urines  wxre  collected.  While  it  is  known  that  neither  the 
muscular  activity  nor  the  external  temperature  influences  the  total 
output  of  nitrogen  to  any  great  extent,  there  are  a  few  experiments  in 
the  hterature  ^^  which  make  it  appear  advisable  in  experiments  of 
this  sort  to  have  all  the  external  conditions  as  nearly  uniform  as 
possible.  In  the  other  experiments  this  idea  was  kept  constantly  in 
mind,  though  the  temperature  varied  more  than  in  the  first.  Any 
change  either  in  the  total  nitrogen  or  in  the  partition  of  the  nitrogen 
from  week  to  week  during  this  period  must  then  be  due  to  the  pro- 
cesses going  on  in  the  uterus.  It  has  been  pointed  out  in  the  second 
paper  of  this  series  that  the  quantity  of  nitrogen  stored  in  the  embryo 
up  to  the  end  of  the  fourth  week  is  negligible.  In  fact,  from  data  there 
gathered  together  from  all  the  work  which  has  been  done  on  animals, 
it  was  concluded  that  there  is  a  strong  tendency  for  the  mother's 
body  to  be  in  minus  nitrogen  balance  up  to  this  time.  What  effect 
this  extra  loss  of  nitrogen  from  the  mother's  body  would  have  cannot 
be  ascertained  from  the  first  four  experiments  because  on  the  one 
hand  in  none  of  these  was  the  experiment  started  long  enough  before 
the  beginning  of  gestation  to  afford  any  basis  of  comparison  with  the 
pre-cestrual  period,  and  on  the  other  the  quantity  and  quahty  of  the 
food  was  not  constant  enough  from  the  very  first  of  gestation  to  afford 
a  proper  basis  of  comparison  with  the  later  stages  of  pregnancy.  In 
the  fifth  experiment,  however,  where  the  diet  was  constant  from  the 
fifth  week  previous  to  copulation  and  the  analyses  were  made  from 
the  third  week  previous  to  the  second  week  following  inclusive,  some 
effects  of  this  tendency  to  lose  nitrogen  can  be  seen  in  the  nitrogen 
partition  (Table  V). 

Because  this  experiment  gives  us  a  picture  of  the  metabolism  in 
sexual  rest  which  can  serve  as  a  basis  of  comparison  for  the  other 
experiments  on  this  same  dog,  we  shall  consider  it  first.  In  the 
week  designated  I,  in  reahty  the  third  of  this  diet,  the  dog  was 
retaining   an    average   of   0.28   gm.    N   each  day    (last   column   of 

'^  Cf.  Voit:  Zeitschrift  fiir  Biologic,  1878,  xiv,  p.  80,  and  Shaffer:  This 
journal,  1908,  xxii,  p.  445.  Shaffer's  experiments  show  a  small  but  constant 
increase  in  the  percentage  of  oxidized  sulphur  in  the  urine  after  muscular  exercise. 
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Experiment  I. 


TABLE  I. 

Dog  a.     Nitrogen  Partition.     Sulphur  Partition.    Total  P2O3 
EACH  Week  of  Pregnancy.    Upper  Figures  Grams. 


Month 
and  day. 

Week. 

Wt. 

kgm. 

Food. 
Average  per  day. 

Nitrogen  fractions. 

Total 
cal. 

Cal. 
per 
kgm. 

Nin 
food. 

Total 

N. 

Urea 

N. 

NH3 

N. 

Urea 

+ 
NH3 

N. 

Crea- 
tinin 

N. 

>,      1908 

April  30- 
May  1 2 

I. 

12.29 

662.5 

53.8 

7.69 

6.65 

6.02 
.90.4 

0.32 
4.8 

6.34 
95.2 

0.108 
1.6 

May 

7-8 

II. 

12.24 

905.0 

73.9 

8.36 

7.61 

6.73 
,88.5 

0.43 
5.7 

7.16 
94.0 

0.103 
1.4 

May 
15-16 

III. 

12.63 

867.2 

68.8 

8.25 

7.64 

6.45 
84.7 

0.42 
5.4 

6.88 
90.1 

0.112 
1.5 

I\Iay 
21-22 

IV. 

12.71 

867.2 

68.3 

8.25 

7.76 

6.76 
.87.2 

0.41 
5.3 

7.17 
92.5 

0.130 
1.7 

Mav 
28-29 

V. 

13.07 

907.4 

69.3 

8.99 

8.20 

[7.22 
[88.0 

0.34 
4.1 

7.56 
92.1 

0.129 
1.6 

June 
4^5 

VI. 

13.33 

907.4 

68.1 

8.99 

7.93 

6.91 
187.2 

0.35 
4.4 

7.26 
91.6 

0.132 
1.7 

June 
11-12 

VII. 

13.80 

907.4 

66.4 

8.99 

7.95 

< 

.  .  , 

June 
18-19 

VIII. 

14.04 

907.4 

64.4 

8.99 

7.17 

[6.13 
185.3 

0.34 
4.7 

6.46 
90.0 

0.130 
1.8 

June 
24-25 

IX." 

14.40 

907.4 

62.5 

8.99 

7.58 

[6.61 
187.2 

0.28 
3.7 

6.89 
90.9 

0.124 
1.6 

'July 

1-2 

Post- 
part. 
1} 

13.98 

907.4 

64.9 

8.99 

8.86 

[7.80 
[88.0 

0.33 
3.7 

8.13 
91.7 

0.127 
1.4 

July  15  3 

Post- 
part. 

13.78 

907.4 

65.0 

8.99 

4.58  8 

r3.89 
1 85.1 

0.26 
5.7 

4.15 
90.8 

0.134 
2.9 

1  For 

2  pm. 

— ■— 

first  three  weeks  dog  was  fed  1  gm. 

2  .\t  end  of  week.                 3 

NaCl  e£ 

Two  w( 

Lch  day; 
jcks  afte 

from  fo 
r  lactatic 

urth  week  on 
)n  had  ceased. 
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TABLE  I. 

AND  Chlorine.     Quantities  in  Grams  per  Day.     Average  for  last  two  Days  of 
Lower  Figures  Percentages  of  Total. 


■ 

Sulphur 

Tactions 

Total 
P2O5. 

CI. 

Nitrogen  balance. 

Crea- 
tin 

N. 

Un- 
deter- 
mined 

N. 

Total 
SO3. 

Inor- 
ganic 
SO3. 

Ethe- 
real 
SO3. 

Neu- 
tral 
SO3. 

By  weeks. 

Av. 
Per 
day. 

0.013 
0.2 

0.191 
1.9 

0.934 

0.684 
73.3 

0.072 
7.7 

0.178 
19.0 

[0.50 

1.15 

-0.975 

0.013 
0.2 

0.320 
4.1 

0.966 

0.668 
69.2 

0.060 
6.2 

0.238 
24.8 

■0.46 

0.90 

-2.436 

0.155 
2.0 

0.493 
6.4 

1.29 

0.994 
77.2 

0.096 
7.4 

0.198 
15.4 

0.98 

0.671 

-2.289 

0.186 
2.4 

0.270 
3.4 

1.238 

0.910 
74.3 

0.096 
7.9 

0.232 
17.8 

> 

1.285 

1.07 

-0.325 

0.180 
2.2 

0.335 
4.1 

1.38 

0.97 
70.3 

0.08 
6.2 

0.32 
23.4 

•1.13 

1.61^ 

+3.153 

0.45 

0.211 
2.7 

0.329 
4.0 

1.30 

0.86 
66.2 

0.06 
4.8 

0.38 
29.0 

■1.25 

1.58 

+3.048 

0.43 

1.30 

0.95 
73.1 

0.06 
4.9 

0.28 
22.0 

■1.11 

1.53 

+5.614 

0.80 

0.229 
3.2 

0.344 
4.8 

1.15 

0.80 
70.0 

0.05 
4.3 

0.296 
25.7 

•1.14 

1.54 

+5.714 

0.81 

0.259 
3.4 

0.313 
4.1 

1.14 

0.84 
74.2 

0.08 
7.5 

0.21 
18.3 

■1.01 

1.54 

+6.613 

0.94 

0.194 
2.2 

0.413 
4.7 

1.42 

1.00 
70.7 

0.08 
6.1 

0.33 
23.2 

■1.26 

1.81 

-0.593 

0.106 
2.1 

0.183 
4.2 

0.64 

0.46 
71.4 

0.06 
8.7 

0.13 
19.5 

■0.81 

1.86 



4 

5 

From  fifth  week  < 
Parturition  on  Ji 

3n  food  \ 
ne  26. 

sras  exac 

tly  the  s 

ime  each  day. 
6  Probably  son 

ne  urine  lost 
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TABLE  II. 
Dog  a.    Second  Pregnancy.    Nitrogen  and  Sulphxir  Partitions  in  Daily 


Day. 

Weight 
kgm. 

Food. 

Analysis 

Cal.  per 

kgm. 

Nin 
food. 

Reac- 
tion. 

Albu- 
min. 

Nitrogen. 

Total 

N. 

Urea  4- 
NH3 

N. 

Crea- 
tinin 

N. 

190S 

Oct.  5  1 

12.94 

65.7 

6.18 

ac. 

+ 

4.74 

4.42 
93.3 

0.118 
2.4 

Oct.  102 

12.86 

66.0 

6.00* 

alk. 

— 

4.78 

4.35 
91.1 

0.108 
2.4 

Oct.  14 

12.86 

62.3 

6.00 

alk. 

4.85 

4.42 
91.4 

0.115 
2.3 

Oct.  31 

13.70 

59.0 

6.00 

alk. 

4.96 

4.57 
92.2 

0.118 
2.4 

Nov.  7  3 

13.90 

64.5 

8.99 

ac. 

8.75 

7.96 
91.2 

0.137 
1.5 

Nov.  14 ' 

14.20 

64.0 

8.99 

ac. 

— 

8.16 

7.46 
91.4 

0.118 
1.5 

Nov.  21 5 

14.70 

61.0 

8.99 

ac. 

— 

7.96 

7.39 
92.6 

0.129 
1.6 

Dec.  8 « 

16.00 

54.7 

8.99 

ac. 

— 

5.60 

4.99 
89.0 

0.133 
2.4 

Dec.  9 

16.36 

55.4 

8.99 

ac. 

— 

5.71 

4.89 
85.7 

0.148 
2.6 

Dec.  10 

16.52 

54.9 

8.99 

ac. 

6.03 

5.21 
85.5 

0.135 
2.3 

Dec.  11 

16.86 

53.7 

8.99 

ac. 

+ 

6.28 

5.35 
86.4 

0.144 
2.2 

Dec.  16 

.  14.08 

64.4 

8.99 

ac. 

7.89 

7.14 
90.5 

0.146 
1.9 

Dec.  17 

13.92 

64.7 

8.99 

ac. 

— 

6.85 

6.21 
90.5 

0.147 
2.2 

1  Fifth  day  befc 

re  copula 

tion. 

2 

First  day  of  copuh 

ition. 
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TABLE  II. 
Urines.    Upper  Figxjres  Grams.    Lower  Figures  Percentage  of  Total. 


OF  Urine. 

Remarks. 

Nitrogen. 

Sulphur. 

Creatin 

N. 

Unde- 
termined 

N. 

Total 
SO3. 

Inor- 
ganic 
SO3. 

Ethereal 
SO3. 

Neutral 
SO3. 

0.0 

0.20 
4.3 

•  •   • 

Creatin-free  food. 

0.0 

0.32 
6.5 

•  ■  • 

... 

Creatin-free  food. 

0.008 

0.30 
6.2 

6.55 

0.39 
71.8 

0.013 
2.3 

0.14 
25.9 

Creatin-free  food. 

0.0 

0.27 
6.4 

... 

Creatin-free  food. 

0.27 
2.6 

0.15 
1.9 

0.42 
4.8 

0.42 
6.2 

1.29 

1.04 
80.5 

•  •  • 

0.07 
5.2 

... 

0.18 
14.3 

Food  con'd  0.3  gm. 
creatin    N    (Mel- 
lanby's  method). 

0.18 
2.4 

0.25 
3.4 

... 

... 

0.21 
3.9 

0.21 
3.8 

0.25 
4.7 

0.46 
7.9 

6.67 

0.49 
72.3 

0.07 
10.0 

0.12 
17.7 

Food  con'd  0.3  gm. 
creatin    N    (Mel- 
lanby's  method). 

0.36 
5.7 

0.32 
6.6 

... 

... 

... 

0.35 
6.0 

0.30 
3.8 

0.43 
6.4 

0.30 
3.8 

6.87 
6.97 

0.45 
61.6 

0.76 
78.1 

0.19 
21.9 

0.06 
6.4 

0.23 
26.5 

0.15 
15.7 

Parturition  on  Dec. 
14.     Five  puppies 
bom. 

0.35 
5.2 

0.15 
2.1 

6.89 

0.71 
79.5 

0.04 
4.8 

0.14 
15.6 

»  Foui 

th  week. 

*  Fift 

h  week. 

5  Sixth 

week. 

«  Eighth  week. 
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TABLE  III. 
Experiment  III.    Dog  B.     (On  Creatin-Free  Food.) 


Day. 


1908 

Oct.  9  1 
Oct.  10 
Oct.  11 
Oct.  14 
Dec.  1 
Dec.  2 


Dec.  3 

(Day  of 

part.) 


Dec.  4 


Dec.  8 


Dec.  10 


Weight 
kgm. 


14.00 


14.00 


14.00 


13.92 


16.86 


16.90 


16.87 


13.93 


12.60 


12.75 


Food. 


Cal.  per 
kgm. 


54.8 


54.8 


54.8 


68.7 


56.9 


62.0 


60.4 


75.4 


90.6 


95.0 


Nin 
food. 


5.950 


5.950 


5.950 


5.950 


5.950 


5.950 


4.876 


5.950 


4.876 


5.836 


Analysis  of  urine. 


Total 

N. 


4.425 


4.672 


4.890 


5.355 


4.391 


3.605 


5.997 


4.533 


5.069 


3.855 


Urea  + 
NH3 

N. 


3.929 

89.0  2 

4.672 

90.0 

4.498 

91.7 

4.853 

91.0 

3.962 

90.5 

3.248 

90.3 

5.112 

85.7 

3.891 

86.0 

4.319 

85.3 

3.213 

83.6 


Crea- 
tinin 

N. 


0.118 

2.7 
0.103 

2.2 
0.118 

2.4 
0.124 

2.3 
0.137 

3.1 
0.137 

3.8 
0.135 

2.2 
0.133 

2.9 
0.129 

2.5 
0.141 

3.6 


Creatin 

N. 


0.016 
0.3 

0.011 
0.2 

0.0 

0.0 

0.013 

0.3 
0.016 

0.4 
0.101 

1.7 
0.042 

0.9 
0.137 

2.4 
0.063 

1.6 


Undet. 

N. 


0.362 

8.0 
0.346 

7.6 
0.274 

6.9 
0.376 

6.7 
0.278 

6.1 
0.204 

5.5 
0.649 
10.4 
0.467 
10.2 
0.484 

9.5 
0.438 
11.2 


1  CopulationOct.  6  and  7.    *  Upper  figures  grams;  lower  figures  percentage  of  total  N. 
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table).  The  urea  +  ammonia  nitrogen  amounts  to  92.3  per  cent  of 
the  total,  and  the  undetermined  or  rest  nitrogen  to  2.3  per  cent.  The 
inorganic-sulphate  sulphur,  expressed'  in  all  these  tables  as  SO3, 
amounts  to  75.6  per  cent  of  the  total  and  the  neutral  or  unoxidized 
sulphur  to  21.5  per  cent.  The  next  week  shows  some  sign  (in  the 
higher  nitrogen  retention)  of  the  approaching  menstruation  (see 
second  paper) ;  but  the  m'trogen  and  sulphur  partitions  are  but  httle 
altered.  First  signs  of  menstrual  blood  were  obtained  on  April 
1 6th,  and  during  the  week  which  followed  the  menstrual  hemorrhage 
was  profuse.  Copulation  occurred  on  the  23d  and  the  bleeding 
ceased  about  three  days  later.  The  effect  of  this  nitrogen  retention, 
which  probably  serves  to  compensate  the  loss  by  hemorrhage,  is  to 
decrease  the  absolute  quantity  of  urea  +  ammonia  nitrogen  in  about 
the  same  degree;  that  is,  the  percentage  of  the  total  remains  the 
same.  The  creatinin  nitrogen  is  absolutely  the  same,  while  the  crea- 
tin  nitrogen  is  sh'ghtly  and  the  undetermined  nitrogen  is  plainly  re- 
duced. The  only  percentage  difference  of  any  consequence  is  that 
of  the  undetermined  nitrogen.  The  oxidized  sulphur  is  less  in  pro- 
portion to  the  entire  output  of  sulphur  during  this  week,  and  the 
unoxidized  is  higher. 

After  copulation  the  urea  4-  ammonia  nitrogen  goes  down  relatively, 
the  undetermined  goes  up,  while  the  creatinin  and  creatin  fractions  re- 
main constant.  The  oxidized  sulphur  remains  lower  relatively  after 
menstruation  and  copulation  than  before,  and  the  unoxidized  remains 
higher.  The  high  unoxidized  sulphur  during  the  week  of  menstru- 
ation (active  bleeding)  is  probably  due  to  retention  of  sulphur  which 
ordinarily  would  be  oxidized,  while  the  lower  undetermined  nitrogen 
may  indicate  a  retention  of  endogenous  products.  However  this  may 
be,  it  is  difficult  to  escape  the  behef  that  after  gestation  both  the 
nitrogen  and  sulphur  partitions  are  influenced  by  a  more  active  endogen- 
ous metabohsm,  as  compared  with  the  weeks  previous  to  menstruation. 
The  urinary  picture  is  not  inconsistent  with  this  view,  which  has  al- 
ready been  presented  in  the  previous  paper  (see  also  page  450). 

Returning  to  Experiment  I  and  comparing  the  nitrogen  partitions 
from  week  to  week  from  the  point  at  which  the  diet  and  all  external 
conditions  became  constant  (fifth  week) ,  it  is  evident  that  there  is  a 
progressive  diminution  in  the  output  of  urea  nitrogen  which  runs 
parallel  with  the  nitrogen  retention  (compare  total  N  of  urine  with 
N  of  food).    The  highest  retention  on  the  days  of  analysis  was  in  the 
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TABLE   IV. 
ExpERiiiENT  IV.    Dog  C.    Urines  collected  in 


Nitrogen  fractions  in  urine. 

r  00 

u,. 

1 

Jpper  figures  grams;  lower  figures  percent- 

Week  of 
pregnancy. 

Calories 

per 

kgm. 

Total 

N. 

Total 

N. 

Urea 

N. 

NH3 

N. 

Urea  + 
NH3 

N-. 

Creatinin 
X. 

1909 

■  7.38 

0.34 

7.72 

0.19 

I.    .    .    . 

56.0 

7.44 

8.43 

(Feb.  3-9.) 

,  87.6 

6.61 

4.0 

0.33 

91.6 

6.94 

2.7 

0.19 

II    .    .    . 

72.0 

8.00 

7.95 

(Feb.  10- 

.  83.3 

4.2            87.5      1 

2.4 

16.) 

•  7.09 

0.30 

7.39 

0.19 

Ill  .    .    . 

71.0 

8.00 

8.17 

.  86.8 

•  7.43 

3.7 

0.32 

90.5 

7.75 

2.3 

0.19 

IV  .    .    . 

71.0 

8.00 

8.56 

^  86.8 

[  7.26 

3.8 

0.31 

90.6 

7.56 

2.2 

0.19 

V    .    .    . 

70.0 

8.00 

8.36 

1  87.0 

r  6.93 

■ 

3.7 

0.31 

90.7 

7.23 

2.3 

0.18 

VI  .    .    . 

68.0 

8.00 

7.92 

- 

[  87.5 

[  6.12 

■ 

3.9 

0.35 

91.4 

7.46 

2.3 

0.18 

VII     .   . 

66.0 

8.00 

7.21 

t  85.0 

4.8 

89.8 

2.6 

[  5.15 

0.28 

5.43 

0.17 

VIII   .    . 

63.0 

8.00 

6.08 

1  85.0 
[  4.92 

4.6 

0.21 

89.6 
5.13 

2.7 
0.15 

IX  .    .    . 

61.0 

8.01 

5.81 

■ 

(IMarchSl- 

[  84.6 

3.5 

88.1 

2.6 

Apr.  3.) 

Post-part.' 

[  5.74 

0.33 

6.07 

0.16 

V    .    .    . 

76.0 

8.01 

6.68 

(May  7- 

1  86.0 

4.9 

90.9 

2.4 

12.')  2 

1 

Parturitioi 

1  April  4. 
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TABLE  IV. 
Weekly  Periods.    Figures  in  Grams  per  Day. 


age  of  total  N. 

Sulphur  fractions. 
Upper  figures  grams;  lower  fi 
percentage  of  total  S. 

gures 

Nitrogen  balance. 

Creatin 

N. 

Unde- 
termined 

N. 

Total 
SO3 

Inor- 
ganic 
SO3. 

Ethereal 
SO3. 

Neutral 
SO3. 

By  weeks. 

By  day. 

0.16 
1.9 

0.35 
4.2 

\ 

-8.824 

-1.26 

0.23 
2.9 

0.59 
7.5 

■ 

-4.830 

-0.69 

0.20 
2.5 

0.36 
4.4 

■\ 

-5.968 

-0.85 

0.19 
2.3 

0.43 
5.1 

1.42 

0.99 
69.7 

0.07 
4.7 

0.37   1 
25.5  J 

-8.445 

-1.20 

0.22 
2.6 

0.36 
4.4 

1.33 

0.97 
73.3 

0.04 
3.1 

0.31   1 
23.5  J 

-6.531 

-0.94 

0.20 
2.5 

0.27 
3.4 

1.58 

1.16 
73.5 

0.04 
2.3 

0.37  1 
23.2  J 

-4.001 

-0.59 

0.21 
2.9 

0.35 
4.8 

1.19 

0.82 
69.0 

0.05 
3.8 

0.32  1 
27.2  J 

-M.801 

+0.25 

0.24 
4.0 

0.24 
3.9 

0.89 

0.59 
67.0 

0.03 
3.9 

0.26  1 
29.1  J 

+9.021 

+  1.26 

0.26 
4.4 

0.27 
4.7 

0.79 

0.52 
65.8 

0.04 
5.2 

0.23   1 
29.0  J 

+6.250 
(4  days) 

+1.56 

0.19 
2.9 

0.24 
3.7 

1.10 

0.76 
68.7 

0.05 
5.0 

0.29  1 
26.3 

+8.048 

+  1.15 

2  Two  w 

reeks  after  lactation  h 

id  ceased. 
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TABLE  V. 

Experiment  V.    Dog  A.    Third  Pregnancy.    Nitrogen  and  Sulphur  Partitions  in 


Date. 

Week 
of  exp. 

Weight 
kgm. 

Food. 

Nitrogen. 

Cal.  per 
kgm. 

Nin 
food. 

Total 

N. 

Urea  + 
NH3- 

N. 

Crea- 

tinin 

N. 

Crea- 
tin 
N. 

1910 

April  3-9 

I. 

12.94 

70 

8.99 

8.16 

[7.54 

< 

[92.3 

0.15 
1.7 

0.30 
3.7 

April  10-16 

II. 

13.1 

69 

8.99 

7.88 

[7.20 
[91.4 

0.15 
1.9 

0.30 
3.8 

April  17-23  1 

m. 

13.3 

68 

8.99 

7.44 

'6.90 
[92.5 

0.15 
2.0 

0.26 
3.6 

April  24-30 

IV.2 

13.5 

66 

8.99 

7.92 

[7.17 

< 

90.6 

0.15 
1.9 

0.30 
3.8 

May  1-7 

V? 

13.58 

65 

8.99 

8.40 

f7.61 
[90.8 

0.16 
1.9 

0.29 
3.5 

'  Week  of  me 

mstruatio 

a. 

2  First  of 

eighth  week,  and  this  marks  at  the  same  time  the  lowest  quantity  of 
urea  both  relatively  and  absolutely.  Comparing  the  other  fractions 
for  the  fifth  and  eighth  weeks,  we  see  that  the  ammonia  nitrogen  and 
the  creatinin  nitrogen  are  the  same  in  absolute  figures,  but  are  rela- 
tively a  little  higher  in  the  eighth.  The  creatin  and  undetermined 
nitrogen  are  higher  in  both  senses.  In  the  ninth  week  the  retention 
of  nitrogen  was  not  quite  so  high  (the  last  two  days  before  delivery), 
and  consequently  the  urea  is  not  quite  so  low. 

The  sulphur  fractions  in  this  experiment  do  not  exhibit  the  effect  of 
the  retention  to  the  same  extent. 

In  Experiment  II  the  same  tendency  is  seen  from  November  7th, 
the  time  at  which  the  food  became  constant,  to  the  end.  That  is, 
the  urea  nitrogen  goes  down  more  rapidly  than  the  total  urinary 
nitrogen,  while  the  creatin  and  undetermined  nitrogen  go  up,  the 
former  in  absolute  as  well  as  relative  amounts  and  the  latter  in  relative 
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TABLE  V. 

Weekly  Urines.     Upper  Figures  Grams.    Lower  Figures  Percentages  of  Total. 


Sulphur. 

Nitrogen  balance. 

Remarks. 

Und^ 
termined 

N. 

Total 
SO3. 

Inor- 
ganic 
SO3. 

Ether 
SO3. 

Neutr. 
SO3. 

By 

weeks. 

Per 

day. 

0.17 
2.3 
0.23 
2.9 
0.13 
1.8 
0.29 
3.7 
0.33 
3.8 

1.08 
1.22 
1.20 
1.31 
1.45 

0.82 
75.6 
0.94 
77.2 
0.84 
69.7 
0.93 
71.0 
1.03 
71.5 

0.03 

2.9 

0.05 

2.0 

0.03 

2.8 

0.06 

4.6 

0.05 

3.5 

0.23  1 
21.5  J 
0.25  1 
20.8, 
0.33' 
27.5. 
0.32  ' 
24.4 
0.36' 

> 

25.0. 

+  1.96 
+4.23 
+6.37 
+4.15 
+1.51 

+0.28 
+0.60 
+0.91 
+0.59 
+0.22 

First  signs  of  men- 
strual  blood   on 
April  16. 

First      copulation 
on  April  23. 

pregnancy.                                        *  Second  of  pregnancy. 

amounts  only  {cf.  e.  g.  December  nth,  three  days  before  parturition, 
with  November  7  th).  The  sulphur  fractions,  so  far  as  the  analyses 
were  made,  show  exactly  the  same  relationship.  The  inorganic- 
sulphate  sulphur  falls  both  relatively  and  absolutely  as  the  nitrogen 
retention  becomes  greater,  and  the  neutral  sulphur  rises,  though  it 
does  not  rise  much  in  absolute  amount  owing  to  the  increase  in 
etherial-sulphate  sulphur. 

In  Experiment  IV  the  law,  for  such  it  seems  to  be,  is  still  better 
exemplified.  The  exogenous  fractions  both  of  nitrogen  and  sulphur 
become  both  absolutely  and  relatively  less  as  pregnancy  advances, 
while  the  endogenous  fractions  become  only  relatively  greater  (cre- 
atinin  and  unoxidized  sulphur).  The  creatin  in  this  dog  became  both 
relatively  and  absolutely  greater,  as  in  Experiment  I  and  II,  but  the 
undetermined  nitrogen  became  less  absolutely  and  remained  station- 
ary in  the  relative  sense  {cf.  e.  g.  fifth  and  ninth  weeks). 
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The  three  experiments  which  cover  the  latter  half  of  pregnancy, 
with  the  pregnant  animal  on  a  constant  diet  for  this  time,  are  in  sub- 
stantial agreement  and  furnish,  it  seems,  material  support  for  the 
hypothesis  advanced  in  a  previous  section  (page  426) ;  namely,  that 
low  urea  nitrogen  and  high  unoxidized  sulphur  are  due  mainly,  if  not 
solely,  to  the  retention  of  proteins  by  the  product  of  conception.  On 
this  hypothesis  we  should  expect  that  the  reduction  of  the  urea  and 
the  oxidized  sulphur  would  be  greater  the  larger  the  product  of  con- 
ception, i.  e.,  the  larger  the  number  of  puppies  born.  At  the  same 
time  we  should  not  expect  the  reduction  in  percentage  to  be  exactly 
proportional  to  the  number  of  puppies  born,  for  a  portion  of  the 
substances  retained  must  be  held  back  by  the  uterus  itself;  and  it  is 
perfectly  well  known  that  the  uterus  does  not  hypertrophy  five  times 
as  much  for  five  puppies  as  it  does  for  one.  Taking  the  urea  and 
NH3  nitrogen  together,  for  both  represent  deamidized  nitrogen,  in 
the  first  pregnancy  of  Dog  A,  from  which  only  a  single  puppy  was 
born,  there  is  a  reduction  from  the  fifth  to  the  eighth  week  of  2.1 
per  cent.  In  the  second  pregnancy,  from  which  five  puppies  were 
born,  the  greatest  reduction  between  corresponding  points  (November 
14th  and  December  8th)  is  2.4  per  cent.  But  counting  to  the  9th  of 
December  it  is  5.7  per  cent,  and  to  the  loth,  5.9  per  cent,  or,  at  most, 
only  three  times  as  much  as  in  the  first  pregnancy.  In  the  pregnancy 
of  Dog  C,  from  which  four  puppies  were  born,  the  food  contained  about 
I  gm.  less  nitrogen  every  day,  although  the  dog  was  a  kilogram  or 
more  heavier  than  Dog  A.  (there  was  no  plus  balance  until  the  seventh 
week;  see  last  column  of  table).  The  retention  from  the  food  there- 
fore is  not  so  rapid  as  in  the  second  pregnancy  of  Dog  A.  The  greatest 
percentage  reduction  due  to  retention  (from  the  fifth  week  to  the 
ninth)  is  only  2.6  per  cent. 

The  Creatin  Nitrogen. 

This  fraction  seems  to  call  for  a  special  discussion.  Creatin  appears 
in  the  urine  cither  when  there  is  considerable  creatin  in  the  food,  or 
when  active  destruction  of  muscular  tissue  is  going  on."*" 

^"  Cf.  Klercker:  Biochemische  Zeitschrift,  1907,  iii,  p.  45;  Mellanby: 
Journal  of  physiology,  1908,  xxxvi,  p.  447;  Shaffer:  This  journal,  190S,  xxiii, 
p.  i;  and  Levene  and  Kristeller:  This  journal,  1909,  xxiv,  p.  45. 
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In  Experiments  I,  IV,  and  V  there  was  creatin  in  the  food  through- 
out the  experiment.  In  Experiment  II  the  food  for  the  first  three 
weeks  was  creatin-free  (see  protocol)  and  in  Experiment  III  it  was 
creatin-free  as  long  as  the  dog  was  under  experiment.  Experiment 
III  shows  a  small  quantity  of  creatin  in  the  urine  just  after  copula- 
tion and  again  just  before  parturition.  The  quantity  is  too  small  to 
attach  any  great  significance  to  it.  But  there  is  a  significant  in- 
crease in  the  quantity  of  creatin  just  before  parturition  in  all  the 
other  experiments  (I,  II,  and  IV).  The  quantity  in  the  food  was 
presumably  constant,  since  the  beef  hearts  which  were  fed  from  day 
to  day  were  fairly  uniform  in  size.  In  Experiment  II  the  quantity  of 
creatin  in  the  beef  heart  fed  for  one  day  was  determined  by  Mellanby's 
method  ^^  on  two  different  days,  and  proved  to  be  about  0.3  gm.,  esti- 
mated as  nitrogen.  Up  to  December  9th,  five  days  before  parturi- 
tion, there  was  less  creatin  nitrogen  in  the  urine  than  was  fed;  but 
on  the  loth  and  nth,  and  presumably  on  the  next  three  days,  there 
was  more.  In  Experiment  I,  where  the  urine  was  analyzed  only  on 
the  last  two  days  of  each  week  and  where  the  amount  of  creatin  fed 
may  be  supposed  to  have  been  the  same  as  in  Experiment  II,  since 
the  amount  of  meat  was  the  same,  the  quantity  excreted  was  never 
equal  to  the  quantity  fed,  although  it  rises  ahnost  to  this  point  in 
the  last  week.  In  Experiment  IV,  where  the  urine  was  analyzed  only 
in  weekly  periods  and  the  quantity  of  creatin  nitrogen  present  in 
the  food  would  be  (assuming  the  same  percentage  in  the  beef  heart) 
about  0.27  gm.,  the  same  relationship  is  seen.  The  quantity  excreted 
approaches  that  in  the  food  only  in  the  last  week. 

There  are  only  two  possible  ways  of  explaining  this  increase  in 
the  creatin  nitrogen  —  one,  as  given  by  Van  Hoogenhuyze  and  ten 
Doeschate  {Loc.  cit)  for  exactly  similar  phenomena  in  pregnant 
women,  that  the  liver  has  suffered  a  diminution  of  its  dehydrating 
power  by  which  the  preformed  creatin  is  converted  to  creatinin  and 
the  other,  that  an  extra  quantity  of  creatin  is  being  formed  in  the 
maternal  body  either  as  the  result  of  tissue  changes  in  the  uterus 
before  labor  is  inaugurated,  or  as  the  result  of  inanition.  To  take 
the  last  supposition  first,  if  creatin  is  formed  in  the  body,  it  certainly 

*^  Mellanby:  Loc.  cit. 
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is  not  the  result  of  insufficient  food  energy,  at  least  so  far  as  Experi- 
ments I  and  II  are  concerned,  for  the  energy  production  of  the  dog 
was  estimated  from  the  output  of  carbon  and  nitrogen  during  the 
last  days  of  both  these  pregnancies  (see  paper  I),^  and  at  no 
time  did  the  energy  production  reach  the  level  of  the  energy  intake 
by  20  per  cent.  It  might  arise,  however,  as  a  result  of  inade- 
quate protein  supply.  If  the  protein  fed  was  insufficient  in  amount, 
or  if  it  was  of  such  a  nature  that  it  was  digested  too  readily,  being 
thereby  supplied  to  the  maternal  blood  (for  a  time)  more  rapidly 
than  it  could  be  synthesized  by  the  product  of  conception,  the  result 
would  be  its  removal  as  urea,  etc.,  within  the  early  hours  (food  given 
all  at  one  meal),  and  a  consequent  condition  of  relative  protein  star- 
vation for  the  later  hours  of  the  day.  During  these  later  hours  then 
there  might  be  a  compensatory  break  down  of  body  musculature 
yielding  creatin  as  in  total  starvation. 

An  experiment  has  already  been  reported  in  the  second  paper  of 
this  series,  which  tends  to  support  this  possibility.  The  subject  was 
Dog  A,  and  the  food  was  the  same  in  every  respect  as  in  Experiment 
I  and  II.  In  two  twenty-four-hour  periods  during  the  last  week  of 
pregnancy,  the  urine  was  collected  in  three-hour  periods  following  a 
single  feeding.  On  both  days  the  total  quantity  of  nitrogen  in  the 
urine  was  about  5.9  gm.,  of  which  3.9  gm.  the  first  day  and  3.8  the 
second  were  excreted  the  first  twelve  hours,  leaving  2.0  gm.  and  2.1 
gm.  respectively  to  be  excreted  the  second  twelve  hours.  The  appear- 
ance of  the  curve  suggests  that  this  2  gm.  might  well  have  been 
largely  endogenous  nitrogen,  and,  as  indicated  above,  a  part  of  it 
might  be  endogenous  creatin.  Unfortunately  the  three-hour  urines 
were  not  analyzed  for  any  of  the  nitrogen  fractions. 

Until  such  an  experiment  is  repeated  with  analyses  for  all  the 
fractions  we  can  only  speculate  as  to  the  real  cause  of  the  increased 
excretion  of  creatin  in  these  particular  experiments.  If  one  is  pre- 
pared to  accept  the  evidence  offered  by  Gottheb  and  Stangassinger  ^^ 
and  by  Van  Hoogenhuyze  and  Verploegh  ^^  that  the  liver  is  the  chief 

*^  This  journal,  1910,  xxvi,  p.  134. 

^  Gottlieb  and  Stangassinger:  Zeitschrift  fiir  physiologische  Chemie,  1907, 
lii,  p.  I,  and  190S,  Iv,  p.  322. 

"  Van  Hoogenhuyze  and  Verploegh:  Zeitschrift  fiir  physiologische  Chemie, 
1908,  Ivii,  p.  161. 
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seat  of  the  transformation  of  creatin  into  creatinin,  then  a  higher 
output  of  creatin  would  naturally  suggest  a  diminished  power  of 
dehydration  in  this  organ,  as  Van  Hoogenhuyze  and  ten  Doeschate 
have  asserted  (see  page  424).  But  one  would  expect  on  this  hy- 
pothesis to  witness  a  corresponding  decrease  simultaneously,  in  the 
amount  of  creatinin  excreted.  In  two  of  my  experiments  (I  and  IV) 
there  is  a  slight  decrease  in  the  absolute  amount  of  creatinin  nitrogen 
accompanying  the  increase  in  creatin  nitrogen,  but  the  former  is  not 
sufficient  to  compensate  for  the  latter,  and  in  the  other  two  experi- 
ments which  reached  the  later  weeks  of  pregnancy  (II  and  III)  there 
is  an  absolute  increase  in  creatinin  nitrogen  along  with  the  increase  in 
creatin  nitrogen.  Van  Hoogenhuyze  and  ten  Doeschate  have  the 
same  phenomenon  in  three  of  their  normal  cases,  and  in  order  to  save 
their  favorite  explanation  are  obliged  to  adopt  a  very  cumbrous 
device.  They  quote  observations  by  Van  Hoogenhuyze  and  Pekel- 
haring  ^^  to  the  effect  that  creatin  is  set  free  by  the  tonicity  of  muscle 
(not  by  its  contraction)  and  beheve  that  the  tonicity  of  the  uterus 
in  the  last  days  of  pregnancy  is  sufficient  to  account  for  an  increased 
production  of  creatin,  a  part  of  which  is  converted  by  the  liver  (which 
refuses  to  convert  the  normal  amount  of  creatin)  to  creatinin!  How 
much  simpler  it  would  be  to  suppose  that  the  extra  creatin  and  the 
extra  creatinin  both  originate  in  the  uterus,  the  former  as  a  product 
of  tonicity  perhaps,  or  as  a  product  of  premature  involutionary  changes, 
and  the  latter  as  a  coincidence  of  increased  muscular  mass,  and  that 
both,  being  carried  to  the  general  circulation,  escape  by  way  of  the 
kidney  without  suffering  any  change  in  the  liver  or  elsewhere. 


Has  Inanition  anything  to  do  with  the  Changed  Partition  in 
THE  Late  Stages  of  Normal  Pregnancy? 

The  bearing  of  a  protein  deficiency  on  the  partition  of  nitrogen  and 
sulphur  is  perfectly  clear.  From  the  work  of  Folin  ^^  we  know  that  a 
reduction  in  the  nitrogen  of  the  food  results  in  a  lower  percentage 
of  urea  nitrogen  and  inorganic  sulphate  sulphur  with  a  corresponding 

*^  Van   Hoogenhuyze  and    Pekelharing:     Zeitschrift   fiir   physiologische 
Chemie,  1910,  Ixiv,  p.  262. 
^  Loc.  cit.,  p.  66. 
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rise  in  the  percentage  of  uric  acid,  creatinin,  and  the  undetermined 
nitrogen,  and  from  the  work  of  Cathcart^^  and  of  Hawk  and  his 
pupils  ^^  we  know  that  the  same  is  true,  though  not  quite  to  the  same 
degree,  in  absolute  starvation.  UnderhilP^  has  pointed  out  that 
the  loss  of  food  by  vomiting  in  the  pernicious  vomiting  of  pregnancy 
must  have  a  profound  influence  in  the  same  direction.  Underhill 
believes  the  mere  loss  of  food  is  sufficient  to  account  for  all  the  depart- 
ures from  normal  reported  in  Ewing  and  Wolf's  cases.  This  seems  to 
me  altogether  unlikely.  In  the  first  place  Underhill  has  father  under- 
estimated these  departures.  He  finds  "a  difference  of  only  a  few 
hundredths  of  a  gram  of  undetermined  nitrogen  or  a  matter  of  4  or 
5  per  cent "  between  the  figures  of  Ewing  and  Wolf  in  their  cases  of 
''toxemia  characterized  chiefly  by  vomiting"  and  some  of  those  of 
Folin  for  "  approximately  the  same  output  of  urine."  This  is  certainly 
an  extreme  statement.  I  have  gone  over  both  sets  of  figures  very 
carefully  and  find  many  instances  where  the  percentage  of  undeter- 
mined nitrogen  is  7  or  8  per  cent  higher  in  the  pregnancy  cases.  Fur- 
thermore Underhill  fails  to  note  that  the  same  quantity  of  total  nitro- 
gen in  the  urine  does  not  really  represent  a  similar  total  metaboUsm 
of  protein  in  pregnancy  as  in  a  non-pregnant  person.  As  pointed  out 
on  page  426,  7.36  gm.  nitrogen  in  the  urine  of  a  pregnant  woman  may 
mean  that  4  or  5  gm.,  most  of  it  potentially  urea  nitrogen,  have  been 
retained  by  the  product  of  conception.  In  pernicious  vomiting,  where 
practically  all  of  the  food  is  lost,  there  is  then  in  the  maternal  circula- 
tion a  protein  deficiency  of  a  two-fold  kind,  one  due  to  the  quotum 
taken  by  the  fetus  and  the  other  due  to  failure  of  the  alimentary 
supply.  Under  these  circumstances  it  is  impossible  to  believe  that 
the  inanition  is  the  sole  cause  of  the  urinary  changes,  especially  if 
the  vomiting  occur  near  term.  Among  Ewing  and  Wolf's  cases  the 
lowest  percentage  of  urea  and  the  highest  percentage  of  undetermined 
nitrogen  occurred  in  the  patient  (case  11),  who  was  seized  with  the 
attacks  of  pernicious  vomiting  late  in  the  pregnancy  and  who  later 
gave  birth  to  twins.  However,  the  discovery  of  lactic  acid  in  the 
urine  of  pernicious  vomiting  by  Underbill,''''  following  its  discovery  in 

*''  Cathcart:   Biochemische  Zeitschrift,  1907,  vi,  p.  109. 
*8  Journal  of  the  American  Chemical  Society,  1911,  xxxiii,  pp.  215,  568. 
"  Underhill  and  Rand:  Archives  of  internal  medicine,  1910,  v,  p.  61. 
^  Underhill:  Journal  of  biological  chemistry,  1907,  ii,  p.  485. 
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eclampsia  by  Zweifel/^  and  by  Wolf  and  Dryfuss  ''^  indicates  a  patho- 
logical metabolism  which  separates  such  cases  very  sharply  from  the 
cases  we  are  here  concerned  with,  and  I  do  not  attempt  to  explain 
them  in  the  same  way. 

A  similar  comparison  of  Ewing  and  Wolf's  figures  for  their  normal 
cases  with  those  of  Folin  for  "normal"  urines  justifies  the  assertion 
of  Ewing  and  Wolf  that  in  the  former  the  undetermined  nitrogen  is 
considerably  increased  (relatively).  Thus  taking  their  five  cases, 
Nos.  I,  3,  4,  5,  and  6  (for  No.  2  the  analyses  are  not  complete)  and 
excluding  the  post-partum  days,  we  find  for  the  fifteen  days  an  average 
of  7.2  gm.  N  in  the  urine,  of  which  15.7  per  cent  is  undetermined 
nitrogen  (including  creatin  nitrogen) .  Taking  the  five  tables  (I  to  V) 
of  Folin's  subjects,^^  and  excluding  the  days  upon  which  the  total 
amount  of  nitrogen  in  the  urine  was  either  below  or  above  the  limits 
found  in  Ewing  and  Wolf's  five  cases,  i.  e.,  3.7  gm.  and  9.7  gm.,  we 
find  the  following: 


able. 

Subject. 

Total  N  in  urine. 
Average. 

Per  cent  undet'd  N 

including  creatin 

N  in  urine. 

Average. 

I 

Dr.  E.  V.  S 

5-6 

9-3 

II 

O.-F. 

5.8 

84 

Ill 

Dr.  H.  B.  H. 

6.0 

8.0 

IV 

Dr.  E.  S.  A. 

6.2 

7-4 

V 

Dr.  Aug.  H. 

5-8 

10.8 

Average  of  all 

5-9 

8.7 

With  considerably  more  than  this  quantity  of  nitrogen  in  the  urine 
of  the  pregnant  women,  instead  of  a  lower  percentage  of  undeter- 
mined nitrogen  than  here,  as  we  should  expect  to  find  according  to 
Folin's  law,  we  found  nearly  twice  as  much.  There  is,  we  presume, 
no  question  of  inanition  in  any  of  Ewing  and  Wolf's  normal  cases.  At 
all  events  no  mention  is  made  of  lack  of  appetite  or  of  vomiting  during 
the  time  the  observations  were  made.  Hence  the  altered  ratio  of  unde- 
termined nitrogen  must  be  ascribed  to  something  else ;  and  that  some- 
thing, as  I  believe,  is  not  diminished  oxidation,  nor  diminished  deami- 
nation,  nor  diminished  dehydration,  but  mainly,  if  not  solely,  the  active 

*'  Zweifel:  Archiv  fiir  Gynaekologie,  1905,  Ixxvi,  p.  537. 

'"^  Cf.  Ewing  and  Wolf:   American  journal  of  obstetrics,  1907,  Iv,  p.  305, 

^  Folin:  Loc.  cit.,  pp.  70,  74,  76,  78,  and  80. 
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growth  of  the  fetus,  causing  a  withdrawal  of  that  nitrogen  which 
otherwise  would  appear  as  urea  and  a  consequent  relative  increase 
in  the  other  fractions. 

There  is  a  possibility,  which  I  cannot  enter  into  fully  at  this  time, 
that  some  products  of  that  digestion  which  takes  place  in  the  pla- 
centa leak  back  into  the  maternal  circulation,  and,  being  carried  to 
the  kidney,  in  part  at  least,  from  the  general  circulation  instead  of 
being  taken  directly  to  the  liver  as  alimentary  products  are,  are 
excreted  as  constituents  of  the  undetermined  nitrogen,  and  probably 
as  undeaminized  nitrogen.  This  would  cause  an  absolute  and  not 
merely  a  relative  increase  of  the  undetermined  nitrogen  in  the  preg- 
nant as  compared  with  the  non-pregnant  condition.  In  Table  III 
may  be  seen  an  illustration  of  the  effect  of  proteolysis  (in  the  reso- 
lution of  the  uterus  after  parturition)  on  the  undetermined  nitrogen. 
In  this  case  the  product  of  conception  was  very  large  (eight  puppies) 
and  the  amount  of  proteolytic  products  reaching  the  urine  directly 
without  conversion  in  the  liver  or  elsewhere  was  correspondingly  large. 
It  may  also  be  seen  from  Table  V  how  the  undetermined  nitrogen 
increases  immediately  after  conception,  at  which  time  we  know  di- 
gestive enzymes  are  at  work  in  the  uterus,^^  and  from  the  other  tables 
how  the  undetermined  nitrogen  throughout  pregnancy  (in  the  same 
dog  and  also  in  Dog  C  on  the  same  food)  is  higher  than  in  sexual  rest. 

We  may  surmise  that  so  long  as  the  maternal  placenta  is  not  com- 
plete the  maternal  body  is  not  fully  protected  from  such  products 
of  digestion.  They  may  be  absorbed  in  such  quantity  as  to  be  the 
cause  of  morning  sickness  (see  paper  II,  p.  202).  If  a  defect  (not 
necessarily  a  defect  visible  to  the  microscope)  were  to  occur  in  the 
maternal  placenta,  or  if  the  placenta  for  some  reason  never  became 
impermeable  to  such  products,  would  not  their  leakage  back  into 
the  maternal  circulation  account  for  the  toxemia  of  pregnancy  and  a 
part  of  the  high  undetermined  nitrogen? 

Total  Phosphoric  Acid  and  Inorganic  Chlorides.  —  My  results  on 
these  two  substances,  in  the  urine  of  the  pregnant  dog  (Experiment 
I)  are  entirely  in  accord  with  those  of  Jagerroos,^"^  who  found  a  close 
parallelism  between  the  nitrogen  retention  and  the  phosphoric  acid 

"  Cf.  Graefenburg,  Zeitschrift  fvir  Geburtsliiilfe  und  Gynaekologie,  1909, 
Ixv,  p.  I. 

^  jAGEitROOS:   Archiv  fvir  Gynaekologie,  1902,  Ixvii,  p.  517. 
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retention,  but  no  such  parallelism  between  the  nitrogen  and  chlorides. 
In  Table  I  it  may  be  seen  that  from  the  fifth  week  to  the  end  of  the 
pregnancy,  where  the  content  of  phosphoric  acid  and  chlorides  in  the 
food  was  the  same,  the  phosphoric  acid  in  general  goes  down  as  the 
total  nitrogen  does,  while  the  inorganic  chlorides  suffer  but  little 
change. 

PosT-PARTUM  Metabolism. 

The  metabolism  after  parturition  was  not  followed  continuously  for 
more  than  a  few  days  in  any  one  experiment,  but  from  the  fragmentary 
evidence  thus  obtained  from  each  it  is  possible  to  piece  together  a  fair 
conception  of  the  course  of  events  so  far  as  they  affect  the  distribu- 
tion of  the  nitrogen  and  sulphur  fractions. 

In  Experiment  I  the  urine  was  analyzed  on  July  ist  and  2d,  the  fifth 
and  sixth  days  after  parturition,  and  again  on  July  15th,  nearly  three 
weeks  thereafter.  From  this  pregnancy  only  one  puppy  was  born, 
and  it  may  be  seen  from  the  table  that  the  involutionary  changes 
going  on  during  these  days  was  not  sufficient  to  alter  the  distribution 
of  nitrogen  and  sulphur  very  materially  from  the  distribution  already 
noted  before  parturition.  In  fact,  a  comparison  of  the  percentages 
for  the  different  fractions  shows  about  the  same  figures  both  for  the 
nitrogen  and  sulphur  on  these  days  as  in  the  fifth  week  of  the  preg- 
nancy. It  happens  also  that  the  nitrogen  retention  from  the  food, 
for  the  production  of  milk,  on  these  post-partum  days  was  very  similar 
in  amount  to  that  in  the  fifth  week  of  pregnancy  for  the  growth  of 
the  fetus  (cf.  the  columns  for  nitrogen  in  the  food  and  total  nitrogen  in 
the  urine ;  the  amount  in  the  feces  was  very  nearly  the  same) ,  although 
the  nitrogen  balance  for  the  entire  week  was  very  different  (cf.  next 
to  last  column),  owing  to  the  heavy  loss  which  accompanies  labor 
itself. 

The  figures  for  July  15th  must  be  taken  with  some  caution,  for  it 
is  probable  that  some  urine  was  lost.  However  the  loss  could  not 
have  been  great,  and  the  percentages  compare  very  well  with  those 
obtained  two  weeks  after  lactation  had  ceased,  in  Experiment  IV. 

In  Experiment  II  the  output  of  nitrogen  in  the  urine  on  the  second 
and  third  days  after  parturition  is  about  what  it  was  during  the  sixth 
or  seventh  week  of  pregnancy.  Active  involution  is  only  beginning 
(see  below),  and  the  extra  ehmination  due  to  ingestion  of  blood,  etc. 
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by  the  mother  dog  at  labor  is  passed.  The  nitrogen  in  the  urine  there- 
fore represents  about  the  same  retention  for  production  of  milk  for 
the  five  puppies  at  the  stage  of  lactation  as  was  being  retained  for 
their  development  and  protection  in  the  uterus  in  the  sixth  or  seventh 
week.  We  are  prepared  then  to  expect  about  the  same  distribution 
of  the  nitrogen  and  sulphur,  and  a  comparison  of  the  percentages 
shows  how  reliable  this  expectation  is. 

Another  illustration  is  found  in  Experiment  IV.  In  the  fifth  week 
after  parturition  and  the  second  after  lactation  had  ceased  the  dog 
was  still  retaining  nitrogen,  and  the  amount  per  day  was  about  equal 
to  the  amount  which  was  being  retained  in  the  eighth  week  of  preg- 
nancy.   The  percentages  are  very  similar. 

In  Experiment  III  one  might  infer  that  involution  had  set  in  very 
much  earlier,  judging  by  the  high  undetermined  nitrogen  on  the  day 
following  parturition.  But  this  might  also  be  due  to  the  effect  of  the 
ingestion  of  blood  and  adnexa  on  the  previous  day  (see  note  below). 
The  much  higher  percentage  of  undetermined  nitrogen  on  the  fifth 
day  after  parturition  with  this  dog  than  with  Dog  A  in  the  first  ex- 
periment, however,  must  certainly  be  due  to  the  greater  mass  of 
uterine  material  in  process  of  resolution,  eight  puppies  having  been 
born  from  this  experiment  as  compared  with  one  from  the  former  ex- 
periments. Whatever  influence  should  be  attributed  to  the  lower 
ingestion  of  nitrogen  (protein)  in  this  experiment  would  be  offset  to 
some  extent  by  the  fact  that  the  protein  of  the  food  (casein)  is  much 
more  slowly  reduced  by  digestion  to  the  stage  of  amino  acids  than 
that  of  the  beef  heart  fed  in  the  other  experiments  (see  page  446.) 

It  would  appear  that  the  creatin  nitrogen  which  has  its  origin  in 
the  uterus  comes  out  before  the  true  proteolytic  products,  derived  from 
the  involution  of  that  organ,  which  are  excreted  as  constituents  of 
the  undetermined  nitrogen.  Thus  in  Experiment  I  the  mean  quantity 
of  creatin  for  the  fifth  and  sixth  days  post-partum  is  but  little  more 
than  was  present  in  the  fifth  week  of  pregnancy  (the  time  at  which 
the  uterus  begins  to  enlarge  noticeably),  while  the  quantity  of  un- 
determined nitrogen  is  considerably  larger.  The  creatin  from  the 
uterus  (only  one  puppy)  must  have  been  eliminated  during  the  first 
four  days;  for  in  Experiment  II  the  creatin  nitrogen  on  the  second 
day  after  parturition  (five  puppies)  is  higher  than  it  had  been  at  any 
time  previous  to  parturition  except  the  last  week,  and  on  the  third 
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day  it  reaches  the  level  of  the  last  week.  The  undetermined  nitrogen 
has  not  yet  been  affected.  In  Experiment  III,  while  both  the  creatin 
nitrogen  and  the  undetermined  nitrogen  reach  their  highest  absolute 
values  on  the  fifth  day  (December  8),  by  the  seventh  day  the  creatin 
nitrogen  has  fallen  much  lower  (relatively)  than  the  undetermined 
nitrogen.^^  The  creatin  in  this  experiment,  it  must  be  remembered, 
is  all  of  endogenous  origin. 


Summary  and  Conclusions. 

1.  The  departures  from  "normal"  standards  of  the  nitrogen  and 
sulphur  partitions  in  the  urines  of  normal  pregnancy  can  be  explained 
as  the  result  of  protein  retention. 

2.  Low  urea  nitrogen  or  low  urea  and  ammonia  nitrogen  combined 
is  accounted  for  by  the  fact  that  the  nitrogen,  which  under  ordinary 
circumstances  would  be  split  off  from  amino  compounds  as  ammonia 
and  eliminated  in  the  form  of  ammonia  salts  or  in  the  form  of  urea, 
is  resynthesized  in  the  intestinal  waU  to  make  good  the  depletion  of 
the  blood  proteins  caused  by  the  product  of  conception  (fetus,  uterine 
wall,  and  adnexa). 

Those  fractions  of  the  urinary  nitrogen  which  indicate  the  extent 
of  the  endogenous  metabolism,  namely,  creatinin,  uric  acid  (in  part), 
and  undetermined  nitrogen  (in  part),  show  as  a  consequence  a  relative, 
increase. 

3.  The  same  is  true  to  a  large  extent  of  the  inorganic  sulphate 
sulphur  and  the  unoxidized  or  neutral  sulphur.  The  former  is  held 
back  as  a  consequence  of  fetal  development,  while  the  latter  is  rela- 
tively, but  not  absolutely,  increased. 

4.  One  dog  kept  on  a  creatin-free  food  for  five  days  previous  to 
parturition  showed  a  small  quantity  of  creatin  in  the  urine  on  the 
days  immediately  preceding  parturition.  In  three  other  experiments 
with  creatin  in  the  food  the  quantity  of  creatin  in  the  urine  increased 
very  noticeably  during  the  last  week  of  pregnancy.  This  is  probably 
indicative  of  tissue  changes  in  the  uterus  (tonicity  or  involution) 
rather  than  of  deficient  power  of  dehydration  in  the  liver. 

^  The  day  of  parturition  must  be  excepted  because  of  the  large  ingestion  of 
blood  and  adnexa  by  the  mother  dog  during  labor.  The  high  undetermined 
nitrogen  on  this  day  is  not  due  to  involution  in  the  proper  sense  of  the  term. 


454  John  R.  Miirlin. 

5.  The  distribution  of  the  urinary  fractions  of  nitrogen  and  sul- 
phur after  parturition  follows  Folin's  law  of  dependence  upon  the 
total  nitrogen  in  the  urine,  or,  since  the  quantity  of  nitrogen  in  the 
food  was  the  same  and  the  amount  in  the  feces  nearly  the  same,  it 
depends  upon  the  amount  of  nitrogen  being  retained,  just  as  before 
parturition.  In  the  involutionary  changes  the  creatin  of  the  uterine 
substance  is  set  free  before  the  proteolytic  products. 
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